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ABSTRACT
This dissertation follows the hybrid format as defined by the University of New
Mexico’s Office of Graduate Studies. The three chapters were written as manuscripts to be
submitted to different peer-reviewed journals. Chapter 1 is submitted to the journal Earth
Surface Processes and Landforms. Chapter 2 will be submitted to the journal Climatic
Change soon after this dissertation is published. Chapter 3 is already published in the journal
Quaternary Research (November, 2011). Chapter 1 explores differences between historical
and natural variability in fluvial systems in the Greater Yellowstone Ecosystem. I used
beaver-pond and other fluvial deposits as proxy records of beaver occupation to compare
historical fluvial activity to that throughout the Holocene. The Holocene record prior to EuroAmerican activities provides a better indication of the natural range of variability in beaverinfluenced small stream systems of the GYE. Chapter 2 focuses on how stream discharge on
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small streams in the GYE has varied in the 20th century and also during severe drought
during the Medieval Climatic Anomaly. Using the Palmer Drought Severity Index as a proxy
for summer stream discharge I have concluded that many small streams in the GYE turn
ephemeral during the summer months of severe drought years. Chapter 3 explores the role of
rock type in hillslope soil formation and slope morphology in the Sandia Mountains of New
Mexico. Resistant rock types have a profound impact on slopes by increasing the amount of
coarse colluvium that traps and preserves eolian material. Accretion of eolian material along
these slopes limits runoff and prevents attainment of a steady-state balance between soil
production and downslope transport.
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Chapter 1
Natural and Historical Variability in Fluvial Processes, Beaver Activity,
and Climate in the Greater Yellowstone Ecosystem
Abstract
Two centuries of Euro-American activities in the Greater Yellowstone Ecosystem
(GYE) have strongly influenced beaver activity on small streams, raising questions about the
suitability of the historical (Euro-American) period for establishing stream reference
conditions. We used beaver-pond deposits as proxy records of beaver occupation to compare
historical beaver activity to that throughout the Holocene. Forty-nine 14C ages on beaverpond deposits from Grand Teton National Park indicate that beaver activity was episodic,
where multi-century periods lacking dated beaver-pond deposits have similar timing to those
previously documented in Yellowstone National Park. These gaps in the sequence of dated
deposits coincide with episodes of severe, prolonged drought, e.g. within the Medieval
Climatic Anomaly 1000-600 cal yr BP, when small streams likely became ephemeral. In
contrast, many beaver-pond deposits date to 500-100 cal yr BP, corresponding to the colder,
effectively wetter Little Ice Age. Abundant historical beaver activity in the early 1900s is
coincident with a climate cooler and wetter than present and more abundant willow and
aspen, but also regulation of beaver trapping and the removal of wolves (the beaver’s main
predator), all favorable for expanded beaver populations. Reduced beaver populations after
the 1920s, particularly in the northern Yellowstone winter range, are in part a response to elk
overbrowsing of willow and aspen that later stemmed from wolf extirpation. Beaver were
also impacted by low streamflows during severe droughts in the 1930s and late 1980s to
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present. Thus, both abundant beaver in the 1920s and reduced beaver activity at present
reflect the combined influence of management practices and climate, and underscore the
limitations of the early historical period for defining reference conditions. The Holocene
record of beaver activity prior to Euro-American activities provides a better indication of the
natural range of variability in beaver-influenced small stream systems of the GYE.

Introduction
The Greater Yellowstone Ecosystem (GYE, Figure 1) is considered one of the most
pristine temperate ecosystems on Earth (Keiter and Boyce, 1991), which may lead to the
assumption that GYE stream systems have remained largely free from human impacts. By
the early 1800s, however, GYE stream systems were already subjected to intensive beaver
trapping for the European market (Schullery and Whittlesey, 1992). The loss of beaver and
associated beaver dam abandonment can cause channel incision, water table lowering, and
loss of riparian habitat. Therefore, reductions in GYE beaver populations may have strongly
altered stream ecosystems shortly after the arrival of Europeans.
Dramatic variations in beaver abundance within the Euro-American period have
prompted a debate over the ecologically appropriate density of beaver in the GYE
(Yellowstone National Park, 1997 and references therein). Beaver were abundant throughout
the GYE in the early 1900s (Warren, 1926; Skinner, 1927; Seton, 1929). In comparison,
beaver populations are generally reduced at present, particularly in the elk winter range in
northern Yellowstone National Park (YNP), where 1st-4th order streams have been essentially
devoid of beaver for at least 55 years (Jonas, 1955; Smith, 2003). Elk populations increased
following the elimination of wolves in the early 1900s, and consequent overbrowsing of
willows and aspen has been cited as the cause of widespread beaver dam abandonment in
2

northern YNP through reduction of beaver food and dam-building resources (Chadde and
Kay, 1991). In turn, some infer that beaver dam abandonment initiated widespread channel
incision on small streams, with ensuing loss of riparian habitat and conversion of the
landscape from a beaver-meadow state to an elk-grassland state (Chadde and Kay, 1991;
Wolf et al., 2007). While the abundant beaver populations of the early 1900s have been
considered representative of appropriate ecological conditions (Wagner et al., 1995; Wolf et
al., 2007), defining reference states for beaver populations, streams, and riparian ecosystems
is complicated by over 200 years of Euro-American resource use and management activities.
Thus, the historical period (here defined as the time of Euro-American written and
photographic records) may not be suitable for defining reference conditions and natural
variability in GYE stream ecosystems. A longer-term record of beaver and associated stream
dynamics prior to Euro-American impacts is desirable to characterize the natural range in
variability.
Analysis of the long-term record of beaver activity is also necessary to assess
relationships between climate variability and GYE stream system behavior, including
potential climatic effects on beaver activity. The early historical record falls within a period
of relatively cool and wet conditions known as the Little Ice Age (LIA, 600-50 cal yr BP,
Meyer et al., 1995; Cook et al., 2004; Jacobs and Whitlock, 2008). In contrast, episodes of
severe and prolonged drought have also punctuated late Holocene time, likely increasing the
range of natural variability in streams and associated ecosystems beyond that of the 1800s
and early 1900s. Severe and prolonged drought can have major impacts on streamflows
(Graumlich et al., 2003; Persico and Meyer, 2009), riparian ecology (Lake, 2000; Debinski et
al., 2010), and forest fire severity and associated stream impacts (Meyer et al., 1995;
3

Legleiter et al., 2003). In northern YNP, Persico and Meyer (2009) used information on both
historical and Holocene beaver activity to infer that reduced streamflows in episodes of
severe and widespread drought limited beaver occupation of small streams. If beaver activity
is significantly reduced during such regional droughts, then the drought-associated gaps in
the Holocene record of beaver activity in northern YNP should also be apparent in Grand
Teton National Park (GTNP, in the southern part of the GYE). Alternatively, streams in
GTNP are fed by generally greater snowpacks, thus baseflows and beaver occupation may be
less sensitive to regional drought.
In the present study, we expand the record of Holocene beaver activity to small
streams in GTNP in order to examine relationships with regional climate change and the
northern YNP record of Persico and Meyer (2009). If long-term changes in beaver activity
are substantially different between these study areas, then local geomorphic, hydrologic, and
vegetative conditions are likely the most important controls on beaver occupation. In
contrast, similarities in the timing of beaver-pond sedimentation and stream behavior
throughout the GYE would imply that climatic controls can override local factors.
Regardless, projections for increased temperatures and regional drought severity due to
global warming (IPCC, 2007; Dai, 2011) underscore the need to better understand how GYE
fluvial ecosystems respond to drought.
In this study, we also expand upon the methods developed by Persico and Meyer
(2009) to identify beaver-pond sediments, using laboratory analyses of sediment organic
content, C/N ratios, δ13C, and δ15N. Ultimately, we use geomorphic, stratigraphic, and
paleoenvironmental data over the Holocene (the 11,700 years since the nominal end of the
last glaciation) to elucidate the natural range of variability in beaver-influenced small stream
4

systems throughout the GYE. We then compare the Holocene record to beaver and stream
activity in the historical period in the GYE, allowing an evaluation of the effects of human
impacts, management activities, and climate change on beaver populations.

Background
The hydrologic, geomorphic, and ecological effects of beaver dams on streams have
been well documented, as reviewed by Naiman and Gurnell (1988; 1998). Beaver dams
reduce flow velocities (Butler and Malanson, 1995; Westbrook et al., 2006) and promote
fine-grained sediment deposition (Butler and Malanson, 1995; McCullough et al., 2005;
Pollock et al., 2007). Beaver dams also elevate floodplain water tables, expanding riparian
areas (Westbrook et al., 2006). The creation of beaver ponds can increase species richness
(Wright et al., 2002), for example, by creating different benthic macroinvertebrate
assemblages than those on undammed stream reaches (Margolis et al., 2001). Beaver ponds
also increase plant diversity (Johnston, 1994), promote vertebrate diversity (Pollock et al.,
1995), and help to sustain rich and abundant bird communities in semiarid landscapes (Cooke
and Zack, 2008).

Historical beaver activity and populations in the GYE
Beaver populations in the GYE have undergone substantial fluctuations in the past
300 years. At the time of European arrival in North America, beavers (Castor canadensis)
were generally abundant throughout North America, including in the GYE (Seton, 1929;
Haines, 1965; Naiman et al., 1988), though actual population numbers there remain uncertain
(Yellowstone National Park, 1997). The expansion of the fur trade into the Rocky Mountains
in the early 1800s resulted in intensive beaver trapping throughout the Yellowstone region.
Limited reports by fur trappers suggest that beavers were plentiful in the GYE in the early
5

and middle 1800s (Haines, 1965), but local overtrapping of beaver is also mentioned
(Schullery and Whittlesey, 1992). By 1900, beaver populations were lowered to near
extinction over most of North America (Naiman et al., 1988). Population declines in the
GYE were apparently not as extreme, but trapping had significantly reduced populations by
the 1870s (Yellowstone National Park, 1997).
At the same time, greatly reduced demand for beaver pelts in Europe led to a collapse
of the fur trade around 1870 (Clayton, 1966), likely allowing GYE beaver populations to
begin recovery. This was aided by prohibition of trapping in Yellowstone National Park in
1883, and a Wyoming state closed-season on beaver trapping that began in 1897. The
eradication of wolves in the GYE by the early 1900s may also have contributed to beaver
population increases (Yellowstone National Park, 1997), as the short-term effect of wolf
extirpation would be the elimination of the beaver’s primary predator (Warren, 1926).
Beaver recovery was supported by abundant aspen and willow, which resulted in part from
an aspen “birth storm” in the late 1880s and likely a decrease in beaver use of riparian
vegetation during intensive trapping in previous decades (Romme et al., 1995; Yellowstone
National Park, 1997).
Beaver populations reached sufficiently high levels in the 1920s that YNP managers,
worried that beaver would destroy aspen stands, employed Edward Warren in 1921-1923 to
study beaver activity in northern YNP. Warren’s (1926) study documented abundant beaver
along streams near Tower Junction in northern YNP, but did not cover other areas of the
park. Estimates of the park-wide beaver population in YNP during the 1920s vary widely,
from 800 to over 10,000, and the census methods were not recorded (Yellowstone National
Park, 1997).
6

Despite the lack of accurate population data, qualitative observations indicate that
GYE beaver populations declined substantially sometime between 1930 and 1950. The
decline of beaver was particularly severe in northern YNP, where all 17 sites where Warren
(1926) identified beaver activity had been abandoned by 1950 (Jonas, 1955). Jonas (1955)
documented stream reaches elsewhere in YNP that had been recently abandoned by beaver,
indicating a marked reduction in numbers after the 1920s (Smith et al., 1996). During the
same period, beaver were noted to be absent on many streams in GTNP despite evidence of
prior damming on those streams, and so were widely reintroduced (Wyoming Game and Fish
Commission, 1950).
Beaver extirpation by ca. 1950 over much of northern YNP has been attributed to
wolf eradication, which left few effective predators of elk (Chadde and Kay, 1991), so that
expanding elk populations over-browsed willow and aspen, leaving insufficient food or dambuilding materials for beaver. The loss of beaver has been further linked to widespread
channel incision and reduced riparian vegetation along small streams in northern YNP
(Chadde and Kay, 1991; Wolf et al., 2007; Bilyeu et al., 2008). When beaver dams are
abandoned and breached, the lowered base level may result in downcutting and an associated
decline of floodplain water tables (Butler and Malanson, 2005; Green and Westbrook, 2009).
Efforts to produce reliable estimates of GYE beaver populations began in the late
1900s. A 1973-1976 survey of beaver in GTNP found 103 active beaver colonies (Collins,
1976). Although not directly comparable, more recent beaver surveys in GTNP documented
126 bank burrows or lodges along the 137 km of streams surveyed, but only 33% displayed
signs of current activity (Gribb, 2004). Aerial surveys of beaver began in YNP in 1988 and
documented 71 active colonies (Smith and Tyers, 2008). In 1996, 49 beaver colonies were
7

identified within YNP, increasing to 85 in 2003, but Smith and Tyers (2008) attribute this
increase primarily to improved efficiency of the census methods. They also speculate that a
further increase in colonies to 127 in 2007 occurred in part because drought allowed beaver
to move into larger streams such as Slough Creek in northern YNP, where lowered peak
streamflows allowed dams to survive snowmelt runoff. While the new Slough Creek
colonies contributed to a notable increase in total northern YNP beaver, they remained
essentially absent from small streams in that area, with only one site of occupation
documented on Elk Creek (Smith et al., 1996; Smith, 2003; Smith and Tyers, 2008).

Holocene beaver effects on northern YNP streams
Persico and Meyer (2009) examined fluvial morphology and Holocene stream
sediments, including beaver-pond deposits, along the full length of six small streams in
northern YNP. Three of these were streams where Warren (1926) mapped beaver activity in
the 1920s. In the ~29% of the total stream length suitable for beaver habitation, fine-grained
and organic-rich beaver-related deposits constituted 58% of the thickness of Holocene
floodplain sediments, highlighting the long-term influence of beaver damming on the stream
and riparian environment. However, relatively high stream power and other environmental
factors prevent beaver damming or pond sediment preservation throughout the majority of
this stream network.
Rapid deposition of 1-2 m of fine-grained sediment is commonly observed in modern
beaver ponds (e.g. Butler and Malanson, 1995; McCullough et al., 2005). These short-term
observations have been extrapolated to suggest that over thousands of years, beaver damming
has created broad, flat, gently graded valley floors by filling of formerly narrow valleys with
a thick sequence of stacked beaver-pond sediments (Ruedemann and Schoonmaker, 1938;
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Rutten, 1967). This interpretation has also been applied to the small streams of northern YNP
(Wolf et al., 2007). However, Persico and Meyer (2009) observed that the total thickness of
observed Holocene beaver-pond deposits was less than 2 m in all reaches, except in ponded
glacial scour depressions that would undergo aggradation even without beaver damming. In
addition, exposed glacial erratics and early Holocene deposits within 2 m of the current
stream elevation in beaver-affected reaches indicate that beaver damming has caused only a
few meters of postglacial valley filling in most reaches. Some reaches also feature 14C-dated
terraces demonstrating net Holocene downcutting. Nonetheless, beaver damming was clearly
a major factor in postglacial fluvial deposition and sediment character along beaver-affected
reaches of the small northern Yellowstone streams.

Study Area Environmental Setting and Beaver Habitat
The GYE encompasses approximately 57,000 km2 in Wyoming, Montana, and Idaho
(Figure 1) and has a high degree of biological diversity for a temperate ecosystem, including
abundant large mammals. The largely intact assemblage of species stems in part from an
environment that is relatively free from anthropogenic disturbances (Keiter and Boyce,
1991). The GYE thus represents a special case in the Rocky Mountain region due to the
connectedness of ecosystem structure over a very large area, making it well-suited to assess
historical variations in beaver abundance.
Our study sites in the GYE encompass a range of elevation, climate, basin size,
channel gradient, and vegetation, enabling us to consider the relative roles of Holocene
climate variability and local environmental factors in controlling beaver activity. In GTNP,
elevations range from 2000-2300 m above sea level at study sites, generally higher than in
those in northern YNP (1700-2100 m). Mean annual precipitation ranges from 533 mm
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(Moose, 1970 m elevation) to 762 mm (Flagg Ranch, 2100 m), greater than in northern YNP
(374 mm at Mammoth, 1900 m elevation). In higher elevations of the GYE, maximum
precipitation occurs as snowfall during the winter months, and the study stream hydrographs
are dominated by snowmelt during May and June.
Stream discharge and gradient exert a significant control on beaver dam distribution
(see references in Gurnell, 1998), thus in steep mountainous terrain as in much of the GYE,
beaver occupation is restricted by geomorphic factors. Generally, beaver dam abundance
declines as streams become wider and steeper (Retzer et al., 1956; Howard and Larson, 1985;
Beier and Barrett, 1987; Suzuki and McComb, 2004; Pollock et al., 2007). In northern YNP,
Persico and Meyer (2009) observed that Holocene beaver-pond sediments were not deposited
or preserved above a stream power threshold (a function of discharge times slope), similar to
limitations on modern beaver pond locations in the Stillaguamish River basin, Washington
(Pollock et al., 2004). This is likewise consistent with Smith and Tyers’ (2008) observation
that most modern YNP beaver dams lie on reaches with a slope of < 0.04, although Warren
(1926) mapped dams on small streams with gradient as much as 0.1. Low and variable
streamflows also have the potential to impact beaver dam building. In Wyoming, the
conversion of a formerly ephemeral stream to perennial flow resulted in a large increase in
beaver damming (Wolff et al., 1989), whereas beaver abundance declined significantly on
two Swedish rivers when hydroelectric plants created highly variable winter stream discharge
(Curry-Lindahl, 1967). Ecological modeling further suggests that perennial water sources are
necessary to maintain beaver populations along streams (Wright et al., 2004).
Food resources also play a role in the location of beaver dams. In the GYE, beaver
favor quaking aspen (Populus tremuloides), willow (Salix spp.), cottonwood (Populus spp.),
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and alder (Alnus spp.), however, they have also utilized lodgepole pine (Pinus contorta),
Douglas-fir (Pseudotsuga menziesii), and sagebrush (Artemisia spp.) when their preferred
food becomes unavailable (Warren, 1926; Collins, 1976; Smith et al., 1996; Persico and
Meyer, 2009). Beaver have been observed to exhaust their own food supplies, e.g. along the
Truckee River, California (Beier and Barrett, 1987), and depletion of aspen by beaver was
commonly observed along small streams in northern YNP during the 1920s and 1950s
(Warren, 1926; Jonas, 1955). Currently, the height, density, and patch size of willow, an
important food and dam building material, is significantly greater in GTNP compared to
northern YNP (Olechnowski and Debinski, 2008). Elk browsing in northern Yellowstone
caused a major reduction in willow height after the eradication of wolves in the early 1900s
(Chadde and Kay, 1991; Wolf et al., 2007). However, pollen from lake sediments
throughout the GYE indicates that willow has likely been generally more abundant in GTNP
than in northern YNP over the late Holocene (Whitlock, 1993; Whitlock and Bartlein, 1993;
Jacobs and Whitlock, 2008).
In GTNP, streams of suitable size and gradient for beaver damming lie within a
landscape strongly influenced by late Pleistocene glaciation, and occupy valleys cut in
bedrock, glaciofluvial deposits, and till. Several of the study streams drain relatively small
basins along the Teton Range front, where active faulting and down-dropping of the Jackson
Hole basin has helped to produce relatively low stream gradients adjacent to the steep
mountain front (Pierce and Good, 1992). Granite Creek, White Grass Creek (an unnamed
creek above the White Grass Ranch), Beaver Creek, and an unnamed tributary below Moose
Pond are incised in end moraine complexes at the foot of the Teton Range, or in outwash fill
terraces of the southern Yellowstone icecap outlet glacier farther to the east. The remaining
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study streams, Arizona Creek, Bailey Creek, and Glade Creek drain the Pinyon Peak
Highlands northeast of Jackson Hole. These streams flow through fine-grained sediments
deposited in Jackson Lake or deltas that built into the lake during the late Pleistocene (Pierce
and Good, 1992). The study streams have basin areas ranging from 0.5-40 km2, channel
widths ranging from 1-7 m, and channel gradients ranging from 0.004-0.019. Channel
sinuosity is generally low, but reaches with sinuosity up to 2.4 are found along Arizona and
Glade Creeks, which flow through relatively wide former glacial outwash channels.

Methods
Field identification of beaver-pond sediments
We identified terrace and floodplain sediments with clear evidence for beaver-related
sedimentation in GTNP to compare with Holocene beaver activity in the previously studied
northern part of YNP (Persico and Meyer, 2009). Identification and field descriptions of
beaver pond and fluvial sediments, including in terrace deposits, were undertaken between
August 2007 and September 2009, along with collection of 14C and sediment samples.
Geomorphic evidence of past beaver activity was used to locate stratigraphic sections, in
particular traces of abandoned dams. Persico and Meyer (2009) found that abandoned beaver
dams are expressed on terraces and floodplains as berms ~0.3-1.5 m high and up to 50 m
long that are approximately perpendicular to the valley axis. Berms are often somewhat
curving or sinuous, and typically have more relief on the down-gradient face due to sediment
infilling upstream of the dam. When infilling above dams reaches the dam crest, a ramp-like
morphology is observed across the floodplain (Figure 4). Thus both floodplain morphology
and stratigraphy were used to identify beaver-pond sediments in GTNP (Figures 3 and 4).
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Most sections were natural exposures in stream cutbanks, but 4 pits and 2 auger holes were
excavated at 6 additional sites.
Beaver-pond deposits have distinctive sedimentologic features that facilitate their
identification in fluvial stratigraphy (McCulloch and Hopkins, 1966; Dalquest et al., 1990;
Baker et al., 1996; Persico and Meyer, 2009). Beaver-pond deposits were often located in the
field by their association with relict beaver dams, as the geomorphic expression of relict
dams can persist on floodplains or terraces for thousands of years (Persico and Meyer, 2009).
We focused on deposits just upstream of abandoned dams, where sediments are most likely
to accumulate to maximum thickness in deep, low-velocity water, and have the greatest
contrast in texture and structure with fluvial sediments in free-flowing environments.
Beaver-pond deposits usually appear as fine-grained sedimentary units that are thicker and
more organic-rich than typical overbank deposits. They are also darker in color because of
abundant organic material, and often contain abundant large woody fragments, some of
which are beaver-chewed. Low-energy flows in beaver ponds may produce thin beds and
laminations, sometimes with layers of fine organic fragments including twigs, cones, bark,
and charcoal, but bioturbation commonly disrupts these structures. Soil textural classification
(Birkeland, 1999) was used to describe beaver-pond sediments, which can more accurately
classify sand-silt-clay mixtures than standard fluvial sediment size classes (cf. Folk, 1954).

Laboratory analysis of beaver-pond sediments
In the current study, we expand upon the field-based criteria described above to
develop further diagnostic characteristics for identifying beaver-pond sediments. We
performed laboratory analyses of organic content, C/N ratio, δ13C, and δ15N of beaver pond
and overbank sediments (Table 1). As beaver ponds are low-energy environments where
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beaver bring in abundant terrestrial organic material, we hypothesize that along with high
overall organic content, pond sediments will have high C/N ratios, high δ13C, and high δ15N
compared to overbank sediments unaffected by beaver activity. These differences are the
result of the distinct depositional environment of beaver ponds, where more algal and
terrigenous organic material is deposited relative to a floodplain setting. Processes that would
generate these C and N characteristics are considered further in the Discussion section.
Sediment samples were collected at the same location as 14C samples for each beaver pond
deposit, and from representative overbank deposits from each stream. Organic content was
estimated using loss on ignition (LOI) for 2-3 g samples of (1) all pond deposits identified in
GTNP, (2) representative fine-grained overbank deposits in GTNP, (3) deposits of the largest
YNP beaver pond mapped by Warren in the 1920s (Chadde and Kay, 1991; Wolf et al.,
2007), and (4) two locations where Persico and Meyer (2009) identified unambiguous
beaver-pond deposits in YNP. Samples were dried at 90°C for 24 hours, heated for 4 hours at
550°C, and weight loss was used to calculate organic content (Dean, 1974). Measurements of
C/N ratio, δ13C, and δ15N were determined by mass spectrometry of 5-25 mg samples, where
carbonate was first removed from sediments using HCl. The δ15N concentration of some
beaver pond and overbank sediments could not be determined due to the overall low organic
content of samples.

Dating beaver pond and fluvial sediments
The timing of sediment deposition was estimated using 14C analyses of organic
material within deposits. 14C ages of organic material in sediments may be older than the
deposit itself if organic material is reworked from older deposits, or if the time of growth of
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the material predates the time of deposition (e.g., wood from the interior of a centuries-old
tree). To minimize such 14C dating errors, AMS analyses of angular single fragments of
easily degradable material such as twigs and cones and the outer rings of larger wood
samples were used whenever available. Highly bioturbated sediment near floodplain and
terrace surfaces was avoided when sampling organic materials. Where multiple radiocarbon
ages were obtained from a single beaver-pond deposit, the youngest age was used because it
likely has the smallest age error. For simplicity when reporting individual 14C ages, the
weighted mean of the calibrated probability distribution, rounded to the nearest decade (e.g.
~550 cal yr BP), is used as the best central point approximation of the true age (Telford et al.,
2004). Uncertainties associated with analytical error and calendar age calibration are shown
by the calibrated 1 sigma ranges in Table 2.
To examine the timing of beaver-pond sedimentation during the Holocene, individual
calibrated calendar-year probability distributions of each 14C age were summed for all pond
sediments in GTNP. The height and form of the calibrated probability distribution of an
individual 14C age is influenced by temporal variations in the production of 14C in the
atmosphere. For example, a decrease in the atmospheric 14C/12C ratio makes younger samples
have an apparent older age and produces a plateau in the calibration curve, which distributes
the calibrated probability distribution over a broader time range. Conversely, increasing
atmospheric 14C/12C produces a steep calibration curve and concentrates the probability
distribution into a shorter time interval, generating a narrow probability peak. Therefore, a
correction was applied to lessen these calibration effects on the summation of calibrated
beaver-pond deposit ages, in particular to reduce false probability spikes. A simulated set of
14

C ages was generated for each 14C year from 0-4000 14C yr BP. A calibrated probability
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distribution was produced for each of these 14C ages using a typical analytical uncertainty
associated with AMS dating (1 σ = 30 14C yr). A summation of all 4000 simulated
probability distributions was then calculated, where peaks in this synthetic cumulative
probability distribution indicate a higher probability of calendar year ages solely because of
variations in the atmospheric 14C/12C ratio over time. The summation curve of calibrated
beaver-pond age 14C distributions was then divided by the simulated probability distribution
curve (cf. Macklin et al., 2005). The resulting curve minimizes the enhancement of
probability peaks caused by fluctuations in 14C production through time.

Basin characteristics
Basin characteristics of stream reaches with evidence for beaver-related aggradation
were extracted using ArcGIS 9.2. Channels were digitized from the blue lines on USGS
topographic maps, which by field inspection are reasonably accurate representations of
channel location and sinuosity. The topographic maps were used to determine channel
gradient between 12.2 m contour intervals for each stream reach where beaver-pond deposits
were identified. Contributing basin areas were calculated from USGS 10-m DEMs.

Holocene and historical climate analysis
The Palmer Drought Severity Index (PDSI) was used to assess how historical climate
variability compares to late Holocene climate variability. The PDSI is an effective measure
of long-term drought that estimates dryness, standardized for a given area, using temperature
and precipitation (Palmer, 1965). Measured August PDSI values from 1895-2010 were
averaged for Wyoming climate divisions 1 and 2 (http://www.ncdc.noaa.gov/temp-andprecip/drought/historical-palmers.php), which contain the study sites and much of the GYE,
to determine the historical variability of drought. Average yearly PDSI values reconstructed
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from tree rings were used to assess drought variability in the late Holocene (Cook et al.,
2004). Ten-year moving averages of the reconstructed PDSI were created for the past 2000
years in northern Wyoming (grid point 100: 110 W, 45 N).

Results
Distribution of beaver-pond deposits
Beaver-pond deposits were identified on at least some reaches of all streams surveyed
in GTNP. Berms associated with relict beaver dams were identified at all beaver-pond
deposit locations except on Arizona Creek, where beaver-pond sediments were identified by
beaver-chewed sticks in unusually thick fine-grained deposits. In addition to the study
streams, evidence for recent beaver damming was observed along Cottonwood Creek and
Spread Creek (Figure 1); however, there is no clear evidence for significant beaver-related
deposition along these larger, gravelly channels. Individual pond deposit units ranged in
thickness from 0.1 to 1.1 m (mean = 0.5 m, Figure 2). At Moose Pond, a low-gradient,
moraine-dammed tributary of Cottonwood Creek, Holocene beaver-related sedimentation
totals 1.7 m in thickness (Figures 2 and 3). Directly beneath the beaver-pond sediments are
gleyed, poorly sorted sand and gravel with no visible organic material. Along Granite Creek,
berms indicate damming of a spring-fed tributary on the floodplain, but no evidence of
beaver damming exists on the relatively large, steep main channel of Granite Creek (location
10, Figure 2). This reach of Granite Creek plots near the maximum slope-area threshold for
beaver-related sedimentation developed in northern YNP (Persico and Meyer, 2009). As its
drainage basin is much steeper and receives significantly more winter precipitation than
streams in northern YNP, Granite Creek likely has greater discharge per unit contributing
area and falls above the stream-power threshold for beaver-related sedimentation.
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Sediment characteristics
Field descriptions of beaver-pond sediments from GTNP show that they are similar to
those in northern Yellowstone (Persico and Meyer, 2009). Pond deposit textures in GTNP
range from loamy sand to clay loam (Table 1). Beaver-pond sediments are generally more
poorly sorted and contain a greater percentage of clay than typical fluvial sediments of
streams of this size in the study area, as also documented by Wolf et al. (2007). Fine-grained
overbank deposits are generally weakly laminated and bedded to massive silty sand, with less
clay (< 20%) than beaver-pond sediments (up to 45%). Fine-grained overbank deposits often
contain small amounts of charcoal, but are lighter in color and less organic-rich than beaverpond deposits, except where A horizons overprint them. Pebbles and cobbles are sometimes
incorporated into otherwise fine-grained pond deposits, especially near relict dams, because
beaver often use these coarser sediments in dam construction (Gurnell, 1998).
Organic content of beaver-pond sediments in GTNP ranges from 0.3-8.2% (Table 1
and Figure 5). The mean organic content of beaver-pond deposits is 2.2%, which is
significantly greater than the 0.7% mean organic content of overbank deposits (T = 3.22, p
<0.001). The Holocene beaver-pond deposits sampled in northern Yellowstone have a mean
organic content of 2.65%, similar to those in GTNP, though this is quite variable among
deposits. The δ13C composition of all sediments is similar at around -24.8‰, indicating that
C3 plants are the dominant source of organic matter stored in overbank and beaver-pond
sediments. There are no obvious differences between the δ15N compositions of beaver pond
and overbank deposits. Beaver-pond deposits have higher average C/N ratios than overbank
sediments (beaver pond mean = 16.1, std. dev. = 4.6; overbank deposits: mean = 11.9, std.
dev. = 4.6). These means are statistically different (T = 2.8, p = 0.003).
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Dating of beaver-pond deposits
Forty-nine beaver-pond deposits were 14C-dated in GTNP (Table 1). Six of the dated
samples were of “post-bomb” age, i.e., Δ14C values show that they contain excess 14C from
above-ground nuclear weapons testing and must be younger than 1950. The summed
calibrated probability distributions for the remaining 43 14C ages are illustrated in Figure 6 as
a proxy for relative changes in beaver activity within the Holocene. As in northern YNP
(Persico and Meyer 2009), we find that multiple 14C dates from the same beaver pond deposit
in GTNP have ages that are statistically indistinguishable within the dating errors (Table 2).
This generally supports the accuracy of the 14C ages, and indicates that sediment accumulated
rapidly in individual ponds that had a maximum lifetime less than a few hundred years.
Calibrated 14C ages for late Holocene beaver-pond deposits tend to cluster within three time
periods in the late Holocene: 0-500, 1000-1700, and 2500-4200 cal yr BP (Figure 7).

Dating of terrace deposits
Discontinuous fill-cut terraces are present along Arizona Creek, Bailey Creek, and
Glade Creek, the 3 largest GTNP study streams. Two sandy fill-cut terraces are preserved on
Arizona Creek. The higher terrace (~2.5 m above the modern floodplain) is inset in finegrained alluvial fan deposits of reworked deltaic material. The terrace deposit associated with
this surface contains no macroscopic organic material and thus was not directly dated.
However, a 14C age of ~11,720 cal yr BP from the older alluvial fan deposits provides a
broad maximum limiting age near the Pleistocene-Holocene boundary for the inset terrace
deposit (Table 2). The lower inset terrace varies from 1-2 m above the modern Arizona Creek
floodplain. Multiple 14C ages place deposition of the terrace sediments between 2200 and
1500 cal yr BP. Beaver pond deposits are also evident within the terrace deposits. Along
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Bailey Creek, a single terrace is preserved ~2 m above the modern floodplain. Two 14C ages
bracket the terrace deposits to between 2750 and 2350 cal yr BP. Like on Arizona Creek, a
14

C age indicates that Glade Creek is incised in latest Pleistocene fine-grained paraglacial

deposits, here dating to ~13,550 cal yr BP (Table 2).
Unusually coarse gravelly deposits are associated with terraces at several sites in both
GTNP and YNP. These deposits are dominated by clasts of pebble to coarse cobble size that
are minor to absent in either beaver-pond or overbank sediments, and often contain abundant
charcoal. The coarse gravels contain little unburned organic material and have less than 5 %
clay. In GTNP, such deposits along Glade Creek and Arizona Creek are coarser than typical
overbank deposits and modern stream channel gravel, and exceed 1 m in thickness. They
were deposited ~820 cal yr BP on Glade Creek and ~2170 cal yr BP on Arizona Creek.
Along Tower Creek in YNP, the terrace deposits have variable sediment sizes from sand to
cobbles, similar to modern channel sediments, but contain abundant charcoal fragments and
charcoal lenses, and were deposited ~600, ~990, and ~2560 cal yr BP (Table 2). The deposits
in GTNP and YNP have the form of both incised channel fills and sheet deposits with no
distinct channel boundaries. The thickness, coarse variable sediment size, and charcoal
content suggest that they were deposited during large flash floods following severe forest
fires (Meyer et al., 1995; Legleiter et al., 2003).

Late Holocene and historical PDSI variability
Ten-year mean PDSI values reconstructed from tree rings for the past two thousand
years (Cook et al., 2004) have less variability than yearly historical values, as high year-toyear changes are averaged out (Figure 8). Nonetheless, 10-yr averages equal to moderate to
severe drought in the PDSI classification appear in the record. The driest 10-year period
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occurred from 802-793 cal yr BP during the Medieval Climatic Anomaly (MCA, ~1050-650
cal yr BP) (Figure 7), with a mean PDSI value of -2.8, below the 1st percentile (Figure 8).
Conversely, PDSI values derived from the 1895-2010 instrumental record show that during
the period of documented beaver abundance in the 1920s, the 10-yr average is 0.9 (86th
percentile); for the 10-yr period centered on the year 1912, the mean PDSI is 2.9 (99th
percentile), highlighting the early 1900s as a prolonged, unusually wet interval. Periods of
multiyear moderate and severe droughts are evident in the 1930s, 1950s, the late 1980s-early
1990s, and the 2000s.

Discussion
Interpretation of the records of GYE beaver-pond sedimentation, fluvial processes,
climate variability, and human activity is organized into 5 subsections below, beginning with
beaver-pond sediment characteristics, and the role of beaver activity in overall Holocene
sedimentation and valley-floor aggradation and incision. The last three subsections explore
relationships between beaver activity, climate, stream processes, and human impacts,
considering the range in variability within the Holocene as compared to that within the EuroAmerican historical period.

Organic content and C/N ratios of beaver-pond sediments
Organic content in Holocene beaver-pond sediments in GTNP is similar to that of
unambiguous beaver-pond sediments documented by Persico and Meyer (2009) in northern
YNP (Figure 5). GTNP beaver-pond sediments also have similar organic content to that
measured by Wolf et al. (2007) in Holocene beaver-pond sediments in northern YNP, and in
active beaver ponds where beaver have been reintroduced north of the park. These
similarities suggest that the observed range of organic content (1-8%) is representative of
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Holocene beaver-pond sediments on relatively high-energy small streams in the GYE.
However, it is substantially less than in active ponds in Glacier National Park, where organic
matter accounted for up to 50% of beaver-pond deposits (Butler and Malanson, 1995). The
relatively low organic content of Holocene pond sediments in the GYE likely results from
decay of organic material over centuries to millennia, especially in unsaturated, oxygenated
settings, and may also result from less efficient trapping of organic material by beaver dams
in the relatively high-gradient streams of the GYE. Nonetheless, GYE beaver-pond
sediments are generally more organic-rich than overbank deposits (Figure 5) indicating that
high organic content is a useful diagnostic criterion, and that beaver damming increases longterm storage of organic matter in terrace and floodplain deposits.
Because algae has more nitrogen than terrestrial organic matter, C/N ratios may
reflect the relative amounts of algae and terrigenous organic matter in water-lain sediments
(Meyers, 1994). Beaver-pond deposits have a higher nitrogen content than fine-grained
overbank deposits (means = 0.25% and 0.11% of the total sample mass, respectively).
However, beaver-pond deposits also have more carbon than fine-grained overbank deposits
(means = 4.03% and 1.84%, respectively), and the greater relative difference in C content
results in higher C/N ratios in beaver-pond deposits. Although beaver ponds likely contain
more algal organic material than is generated in a free-flowing channel, it is apparently
overwhelmed by the abundant terrestrial organic material brought into ponds by beaver for
both food and dam building. The relatively high C/N ratios of all beaver-pond sediments also
indicate long-term storage of terrestrial organic matter, and that C/N ratios in conjunction
with organic content may be helpful in identification of beaver-pond sediments in similar
fluvial environments.
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Beaver-pond sediments and their role in Holocene fluvial sedimentation
Individual beaver-pond deposits in GTNP average 0.5 m in thickness, and at all sites
total less than 2 m thick (Table 1; Figure 2). The individual deposit thickness of Holocene
beaver-related sediments in GTNP is consistent with northern YNP, where pond sediments
average 0.5 m in thickness, and only 3 of 35 documented pond deposits are thicker than 1.0
m (Persico and Meyer, 2009). Net Holocene beaver-related sediment thickness in GTNP is
not much greater than the measured depth of fine sediment in 26 historical ponds in GTNP,
which is between 0.08 and 0.33 m (Gribb, 2007). The thickest pond deposits in the GYE are
in very low-gradient reaches resulting from glaciation, such as the moraine-dammed reach
below Moose Pond (Figure 3), or the glacially scoured depressions in northern YNP (Persico
and Meyer, 2009). Similarly, beaver in the Colorado Front Range have taken advantage of
low-gradient moraine-dammed reaches (Ives, 1942; Kramer et al., 2011), where dams can
flood large areas and be maintained more readily than on steeper channels.
In stratigraphic sections where beaver activity was documented in GTNP, beaverpond deposits make up 76% of the total sediment thickness, compared to 58% in YNP (Table
1, Persico and Meyer, 2009). In a moraine-dammed valley in the Colorado Front Range,
beaver-pond sediments comprise 30-50% of the total Holocene sediment volume, which
consists of deposits 1-6 m deep (Kramer et al., 2011; Polvi and Wohl, Accepted Article).
These values are not directly comparable, however, because we measured vertical thickness
of deposits, not sediment volumes, and our data are derived from a variety of stream
environments. Nonetheless, both studies demonstrate that beaver-pond deposits are an
important component of Holocene floodplain sedimentation, particularly in relatively lowgradient glacially modified reaches. In northern YNP, lower-gradient reaches provide
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important beaver and riparian habitat, but the majority of the small-stream network consists
of steeper reaches without evidence for beaver-related sedimentation (Persico and Meyer,
2009), highlighting the reach-specific nature of beaver influence on streams.
The limited net depth of beaver-pond sediments indicates that despite significant
beaver-related sedimentation, net stream Holocene aggradation (i.e., vertical rise in stream
channel level) due to beaver damming has been small and localized in the GYE, and has not
resulted in major valley widening (cf. Ruedemann and Schoonmaker, 1938; Rutten, 1967).
This is likely the result of (1) erosion of beaver-pond sediments by channel incision with dam
failure or after abandonment, (2) erosion by lateral channel migration and floods, (3)
intermittent beaver occupancy on any given stream reach during the Holocene, (4) increasing
instability as relief increases between aggrading dammed reaches and undammed reaches
below, and (5) the overall tendency of many stream reaches to incise over postglacial time,
especially during the late Holocene (Meyer et al., 1995; Persico and Meyer, 2009). Many
GYE streams underwent major aggradation with glacial and paraglacial sediments in the
latest Pleistocene (Pierce and Good, 1992), and typically, these streams have been
downcutting through these deposits over the Holocene (Meyer et al., 1995). As documented
on Glade Creek and Arizona Creek in GTNP, early Holocene-latest Pleistocene paraglacial
alluvial fan deposits grade to ~4 m above the current stream channel, with subsequent
Holocene incision along these streams. At White Grass Creek, the position of ~11,000 cal yr
BP beaver-pond deposits indicates net incision of about ~1.0 m since the early Holocene
(Table 1). Late Holocene terraces on Bailey Creek, Arizona Creek, and Glade Creek indicate
that these streams have incised since ~2000 years ago. These examples of net incision in
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GTNP are also consistent with streams in northern YNP that commonly display Holocene
terraces (Meyer et al., 1995; Persico and Meyer, 2009).

Natural range in variability
Beaver-pond deposit ages are distributed throughout the Holocene, but the bulk of
dated deposition occurred within the last 4200 years (Figure 6). A decline in the number of
dated deposits with increasing age is common to many 14C chronologies of discrete
geomorphic events, and is caused by both lack of exposure and erosion of older deposits
(Schumm, 1991; Meyer et al., 1995; Persico and Meyer, 2009). Beaver-pond sedimentation
in the early and middle Holocene is thus more difficult to assess in relation to climatic and
environmental controls. In the early Holocene (~11,000 cal yr BP), willow pollen increased
markedly in GYE pond sediments (Whitlock et al., 1995), potentially because deglaciated
valley floors can be quickly colonized by willow (Nakatsubo et al., 2010). It may be
speculated that increased willow abundance following deglaciation favored early Holocene
beaver colonization in the GYE, but we have insufficient exposure of early Holocene
sediments to test this. Seventeen stratigraphic sections in the GYE contain deposits of middle
Holocene age, but only four beaver-pond deposit ages fall between 9500 and 4200 cal yr BP
(Table 2, Persico and Meyer, 2009). This suggests that beaver activity may have been
limited by prolonged warmer and drier conditions in the middle Holocene (Whitlock and
Bartlein, 1993; Shuman et al., 2009).
As in northern YNP, the majority of beaver-pond sedimentation in GTNP occurred
after 4200 cal yr BP, and 89 % of 14C ages from both areas are younger than this date.
Although the prevalence of beaver-pond deposits dating to the last 4200 years is at least
partly an artifact of better preservation and exposure of younger sediments, it may also
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reflect an increase in beaver activity with the onset of generally cooler, wetter conditions of
the late Holocene Neoglacial period. This climatic change is indicated by expansion of
glaciers in GTNP (Mahaney and Spence, 1990) and the Rocky Mountain region in general
(Luckman et al., 1993), along with an increase in spruce, fir, and pine in the southern GYE
(Whitlock and Bartlein, 1993) and episodes of extensive lateral migration of stream channels
in northern YNP (Meyer et al., 1995). During the Neoglacial, increased discharges and fewer
ephemeral flows would have favored beaver populations in small GYE streams (Wolff et al.,
1989).
Two noteworthy gaps appear in the record of beaver-pond sedimentation in GTNP, at
2400-1700 and 1000-500 cal yr BP (Figure 7). The absence of dated beaver-pond deposits
cannot be interpreted as evidence for a total lack of beaver on the study streams during these
intervals. However, beaver continuously bring new wood into ponds in the form of food
caches and dam-building material, so that new 14C-dateable material is introduced whenever
beaver are present. Thus, the lack of dated pond deposits suggests that beaver activity on
small streams is at least significantly decreased during these times. These gaps are
contemporaneous with hiatuses in the beaver-pond record in northern YNP (Persico and
Meyer, 2009), increased charcoal accumulation rates in lakes of the GYE (Millspaugh et al.,
2000; Jacobs and Whitlock, 2008), low δ18O values in Crevice Lake in northern YNP that
reflect warm dry winters (Whitlock et al., 2008), and heightened fire-related debris-flow
activity in northeastern YNP, consistent with severe drought and warmer temperatures
(Meyer et al., 1995).
The gap in dated beaver-pond deposits from 1000-600 cal yr BP coincides with the
Medieval Climatic Anomaly (MCA), a time of widespread drought and high climatic
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variability in the GYE and the western United States (Meyer et al., 1995; Stine, 1998;
Whitlock et al., 2003; Cook et al., 2004). Using PDSI values reconstructed by Cook et al.
(2004) for northern Wyoming during the severe MCA droughts, Persico (2012) estimated
average August discharge along stream reaches with documented Holocene beaver activity.
The estimates indicate that during the MCA droughts, these streams experienced low and
variable summer baseflow, with ephemeral summer flows in the smaller drainages. As
conversion of ephemeral flows to perennial discharge is documented to increase beaver
damming (Wolff et al., 1989), reduction of discharge to ephemeral flows likely limits the
ability of beaver to maintain ponds. This inference is supported by the observation that some
small northern YNP streams that supported beaver in the 1920s were ephemeral during
recent summer droughts and have been entirely abandoned by beaver (Persico and Meyer,
2009). Decreased willow abundance in GTNP during the MCA (Jacobs and Whitlock, 2008)
may also have limited beaver occupation (Figure 7).
During severe and prolonged droughts in the late Holocene, beaver-pond
sedimentation on small streams was reduced concurrently in GTNP and YNP, as shown by
similar gaps in both 14C chronologies. Beaver-pond deposits are absent within these intervals
even in stratigraphic sections with pond deposits that both predate and postdate the gap
(Figure 4, Persico and Meyer, 2009). This concordance of records indicates that the generally
greater precipitation and riparian vegetation of GTNP relative to northern YNP was not
sufficient to entirely insulate beaver populations from drought effects.
In prolonged droughts, beaver may abandon small streams for more reliable flows
and riparian habitat in higher-order reaches in the stream network. During severe drought in
the 2000s, beaver population counts in Yellowstone showed an increase mainly along Slough
27

Creek (Smith and Tyers, 2008). With a basin area of ~275-600 km2 in its YNP reaches,
Slough Creek is a much larger stream than those we studied elsewhere in the GYE. Smith
and Tyers (2008) hypothesized that drought-reduced discharges enabled beaver to build new
dams on Slough Creek and other larger streams where dams were not previously observed,
because high peak flows during normal years would have removed them. During droughts
within the MCA, discharge in larger streams was probably reduced for prolonged periods
(Persico, 2012), such that a decline in beaver damming on small streams may have been
accompanied by an increase in damming on larger streams. Beaver also inhabit burrows in
banks of larger streams and rivers (Gurnell, 1998), which likely acted as refugia during
prolonged severe drought.
During the MCA and other intervals of severe late Holocene drought (e.g., ~2100 cal
yr BP), thick channel fills and sheets of gravel were deposited along streams in both GTNP
and YNP (Figure 7). The coarse sediments containing abundant charcoal are likely the result
of large flash floods following severe forest fires, which increased markedly in the MCA
(Meyer et al. 1995). Charcoal is often not deposited with coarse sediment in fire-related
floods on larger streams, however, so direct evidence for such floods may be lacking in some
deposits. Channel incision is also associated with post-fire floods (Legleiter et al., 2003).
Rapid snowmelt and rain-on-snow events are likely more common in warmer climates in the
GYE, and may also have promoted extreme flooding in the MCA (Meyer, 2001). Regardless
of the specific cause of flooding, the thick gravelly deposits suggest large flash floods and
unstable channels that may have inhibited the ability of beaver to maintain dams during
severe drought episodes. These large floods may also have flushed out stored pond sediment
(Butler and Malanson, 2005).
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Sustained periods of increased temperatures and scant precipitation, as during the
megadroughts of the MCA, can have significant effect on ecosystems (e.g. Debinski et al.,
2010) that may persist longer than the climate event itself (Elias, 2003). During the driest
intervals in the MCA, ephemeral streamflows, lowered water tables, and decreased
snowpacks allowing greater winter elk browsing pressure may have combined to suppress
willow and aspen. This vegetation may have recovered slowly, so that even though annual
precipitation increased markedly from 675-600 cal yr BP (Gray et al., 2007), no increase in
GYE beaver activity is evident until about 500-450 cal yr BP. Although less pronounced
than in the MCA, drought ca. 600-500 cal yr BP (Meyer et al., 1995; Cook et al., 2004) may
also have retarded riparian vegetation and beaver recovery. As sustained increases in
precipitation can also be strong drivers of ecosystem change (Brown and Wu, 2005), a
pronounced wet episode around 500-400 cal yr BP (Whitlock et al., 2008) may have led to
the initiation of large cohorts of willow and aspen (Gray et al., 2007), and along with
increased streamflows, contributed to the upsurge in beaver activity (Figure 7).
During the Little Ice Age (LIA, 500-50 cal yr BP) in the GYE, climate variability was
reduced significantly, with much less severe droughts relative to the MCA (Cook et al.,
2004). A cooler and effectively wetter LIA climate is indicated by decreased incidence of
severe fire, floodplain widening on larger northern YNP streams, and multiple paleoclimatic
proxies in lake sediment records (Meyer et al., 1995; Whitlock et al., 2008; Jacobs and
Whitlock, 2008). This period is associated with abundant dated beaver-pond sedimentation
in the GYE (Figure 7). Three peaks in beaver-pond sedimentation in GTNP occur at ~200,
300, and 400 cal yr BP, and match well with peaks in beaver-pond sedimentation in YNP
(Figure 7). There is no obvious connection, however, between smaller changes in PDSI,
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willow and aspen abundance, and beaver-pond sedimentation during this period (Figure 7).
Nonetheless, the high frequency of beaver pond ages in the LIA may reflect optimal
conditions for beaver, when streamflows were generally higher and climate variability was
reduced relative to the MCA.
Assessment of beaver activity in the 1900s with 14C is complicated by the large
relative magnitude of analytical errors, very large calibration uncertainties, and the spike in
atmospheric 14C concentrations from nuclear weapons testing in mid-century. However,
some significance may lie in the observation that six 14C ages in GTNP are “post-bomb”
dates younger than 1950, whereas only 2 ages are younger than 1950 in northern YNP
(Persico and Meyer, 2009), despite similar sampling methods and total sample numbers. The
greater number of post-bomb dates in GTNP may reflect beaver reintroduction there in the
early 1950s (Collins, 1976), which was not conducted in YNP. GTNP may also have been
more favorable to beaver occupation throughout the 1900s, because there was more tall
willow conducive to beaver dam building (Olechnowski and Debinski, 2008) and little elk
winter range within the park (Figure 1). The contrast in beaver activity between the parks
probably increased in the middle to late 1900s because of elk overbrowsing in northern YNP
(Chadde and Kay, 1991), and other factors as discussed below.

Historical Range in Variability
Many aspects of the historical record show that beaver activity in the GYE has been
impacted by both humans and climate since the onset of Euro-American activities in the
region. Beaver populations were likely high at the start of the 1800s, but were quickly
reduced by trapping during the height of the fur trade in the early to mid-1800s. By the end
of the 1800s, beaver populations had been depressed enough to warrant regulation of beaver
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trapping by the state of Wyoming, and beaver trapping was prohibited in YNP in 1883.
Also, we infer that the extirpation of wolves, the beaver’s main predator, initially contributed
to the beaver resurgence in the early 1900s. We have observed that a number of ponds
mapped by Warren (1926) in the 1920s and others in northern YNP were unusually small,
and thus provided little protection from predators. Prior suppression of beaver populations by
trapping may also have allowed regrowth of willows and aspen along streams, and regardless
of the cause, a major episode of aspen regeneration occurred in northern YNP ca. 1870-1880
(Romme et al., 1995; Yellowstone National Park, 1997). Natural environmental changes
almost certainly played a role in beaver recovery as well, especially markedly increased
streamflows during the early 1900s (Graumlich et al., 2003). Thus, by the 1920s, a
combination of factors including the absence of wolf predation, limited beaver trapping, high
streamflows, and abundant willow and aspen had stimulated a dramatic expansion of beaver
populations. This inference is supported by documented beaver dams on many small, steep
stream reaches with limited evidence for prior occupation (Warren, 1926; Persico and Meyer,
2009). Beaver expansion apparently extended into marginal habitat in the 1920s; e.g.,
Warren (1926) observed a substantial beaver colony on a very small spring-fed tributary of
Elk Creek in northern YNP near Crescent Hill (Figure 9), where beaver were using Douglasfir bark for food because they had exhausted the readily available willow and aspen. Not
surprisingly, we observed that stream channels were dry and beaver were absent at this
location during severe summer drought in the 2000s (Figure 9). Other small, spring-fed
streams in northern YNP have turned ephemeral during recent summers, including tributaries
of Elk Creek and Soda Butte Creek where beaver and willow communities were documented
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in the late 1800s and early 1900s (Warren, 1926; Chadde and Kay, 1991), highlighting the
impacts of severe drought on these small streams.
The cause of beaver extirpation from small northern YNP streams by the early 1950s
has been the subject of prolonged debate. Some researchers have suggested that YNP policy
of natural regulation (and in particular, the banning of human reduction of elk in the park)
resulted in highly elevated elk populations, given the absence of wolves. In this view, the
overwhelming factor in the decline of beaver was elk overbrowsing, which dramatically
decreased the beaver’s food and dam building resources (Chadde and Kay, 1991; Wolf et al.,
2007). However, as with the high beaver populations of the 1920s, it is likely that multiple
factors were involved in the subsequent major decline of beaver. The impetus for Warren’s
(1926) study was the observation that beaver themselves were depleting aspen along streams
in the Northern Range, and beaver have been observed to abandon stream reaches when they
exhaust their food resources (Beier and Barrett, 1987). As discussed above, both human and
natural factors were involved in producing abnormally high beaver populations in the 1920s,
which contributed to aspen and possibly willow decline. During the 1950s, substantially
reduced beaver activity relative to the 1920s was observed throughout YNP (Jonas, 1955),
not just in the northern elk winter range where the effects of browsing were most prominent.
Beaver decline in the mid-1900s extended to streams in GTNP (Wyoming Game and Fish
Commission, 1950), which contains little elk winter range (Figure 1). The end of the early
20th century wet interval and onset of the 1930s “Dust Bowl” drought likely contributed to
decreased beaver populations in the GYE, particularly outside of elk winter range.
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Historical Versus Natural Range in Variability
The Holocene record indicates that climatic variations altered fluvial processes and
produced significant changes in beaver activity on small streams in the GYE (Table 3). Dated
terraces along Arizona Creek, Bailey Creek, Glade Creek, and several streams in northern
YNP (Persico and Meyer, 2009) indicate episodic channel incision in the late Holocene, prior
to the historical period. Thus, not all stream incision is related to historical beaver dam
abandonment (cf. Wolf et al., 2007). During the MCA, incised paleochannels and
floodplains filled with unusually coarse sand and gravel, indicating a dramatic change in
stream behavior, likely in part a result of extreme postfire floods (Meyer et al., 1995). Also
during the MCA, severe droughts caused small streams to become ephemeral (Persico, 2012)
and beaver-pond sedimentation was minimal. Even during historical times, some climate
variations have been large in a centennial to millennial context; e.g., the early 1900s pluvial
episode was among the wettest periods in the past 500 years (Cook et al., 2011). In contrast,
during the “Dust Bowl” drought of the 1930s, stream discharge on the Yellowstone River
was reduced to its lowest level in 300 years (Graumlich et al., 2003). This drought was not
as prolonged as some megadroughts of the MCA; e.g., during the 50-year period from 925875 cal year BP, the GYE region experienced only 6 years when the PDSI was above 1, and
from 900-915 cal yr BP, the region experienced 13 years of continuous moderate to extreme
drought (Cook et al., 2004). Although historic climatic variations are nonetheless substantial,
they occurred in the context of major human influences on beaver, including intensive beaver
trapping, wolf extirpation, and subsequent elk overbrowsing, making it difficult to entirely
disentangle human and climatic effects (Table 3).
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Substantial Euro-American impacts from economic activities and management
indicate that no single historical period such as the 1920s is representative of typical natural
conditions in GYE streams, even though some researchers have suggested it as an
appropriate reference period for YNP beaver activity (Chadde and Kay, 1991; Wagner et al.,
1995). In the future, humans will very likely influence beaver and stream habitats in the
GYE through anthropogenic warming of climate as well. In the 1920s, the 10-yr average
PDSI value was in the 86th percentile of values for the past 2000 years (Figure 8),
highlighting the unusually wet conditions that produced high streamflows, even in a
millennial context. In contrast, future streamflows in the GYE are likely to differ markedly
with the 1920s, as regional models predict an increased probability of severe and prolonged
drought in the coming century (Dai, 2011). Thus, it is probable that a greater number of
small streams will become ephemeral and unsuitable for beaver habitation, as has already
been observed in northern Yellowstone (Figure 9; Persico and Meyer, 2009).

Conclusions
Beaver-pond deposits in GTNP average 0.5 m in thickness and account for the
majority of Holocene sedimentation at sites with evidence for beaver activity. The net
thickness of less than 2 m of most beaver-related sedimentation indicates that beaver
damming has not forced major valley aggradation, and along a number of streams, beaverrelated sedimentation has occurred within the context of overall net Holocene incision of late
Pleistocene and early Holocene deposits. However, the long-term influence of beaver is
clearly evident along many small streams, and deposition of beaver-pond deposits accounts
for 76% and 58% of Holocene sediments in stream reaches conducive to damming in YNP
and GTNP, respectively. Clearly, beaver are important agents in promoting long-term fine
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sediment and organic material storage, greater wetted areas along small streams, and the
growth of riparian vegetation.
Dated beaver-pond sediments span the entire Holocene, but a significant increase in
beaver-pond sedimentation is evident in both GTNP and YNP ca. 4200 cal yr BP. In both
areas as well, gaps in beaver-pond sedimentation occurred between 2400-1700 and 1000-600
cal yr BP during periods of severe regional drought. During the MCA ~1050-650 cal yr BP,
severe multidecadal droughts lowered stream baseflows and may have decreased riparian
vegetation, which along with episodic large floods, limited the potential for beaver
occupation. Abundant beaver-pond sedimentation 500-50 cal yr BP during the LIA reflects
higher and more consistent streamflows and likely greater riparian vegetation growth,
optimal for beaver.
Large beaver populations in the 1920s are likely the result of several human-caused
and natural factors, including reduced beaver predation with eradication of wolves,
regulation of beaver trapping, unusually wet conditions, regrowth of riparian vegetation
during the preceding period of beaver trapping, and a marked increase in aspen regeneration.
The decline of beaver that began before 1950 and which has largely persisted to today was
promoted by overbrowsing of food resources by elk, particularly within winter range.
However, the loss of beaver is also related to episodes of prolonged and severe drought that
began in the 1930s, and which have dominated GYE climate over the late 20th century to
present.
No period within historical times provides an appropriate reference period for natural
variability in beaver and stream conditions in the GYE, as human activities had a large effect
on beaver throughout this period, and at times combined with climate variations to enhance
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beaver populations as in the 1920s, and at others suppress them, as from the mid-1900s to
present. Natural variability is much better expressed over the pre-historic late Holocene,
when climatic controls on beaver activity are very clear. In particular, long-lasting and
severe droughts produced concurrent gaps in the late Holocene record of dated beaver-pond
sedimentation across the GYE. These gaps likely represent greatly lowered populations
along small streams due to reduced and ephemeral streamflows. Severe droughts of the late
20th century to present have also had negative impacts on flows and beaver on low-order
streams throughout the GYE, as they did during the late Holocene droughts. The prospect of
increasing temperatures and prolonged, severe drought in the future indicates that further
reductions in small-stream beaver habitat are likely.
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Figures

Figure 1. A. Location of the Greater Yellowstone Ecosystem (red line) in Wyoming,
Montana, and Idaho, USA. Dotted black line indicates area of map B. B. Map showing study
locations (red line) in Grand Teton National Park (white line) and the location of streams
studied by Persico and Meyer (2009) in northern Yellowstone National Park (white line).
Black lines show state boundaries. Purple lines indicate elk winter range (US Fish and
Wildlife Service - Mountain Prairie Region, 2005). Red dots are the location of coarse gravel
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deposits. Dotted black line indicates extent of map in Figure 2 showing all streams studied in
Grand Teton National Park.
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Figure 2. Location of study streams in GTNP. Numbered locations are shown for
stratigraphic sections (Table 1) and radiocarbon samples (Table 2). Colored dots indicate
thickness of beaver-pond deposits at each stratigraphic section; in sections with multiple
beaver-pond deposits, the summed total thickness is shown.
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Figure 3. Beaver-pond sediments and relict beaver dam morphology along the unnamed
south-flowing stream (blue line) that drains Moose Pond (not pictured). Longitudinal profiles
A-A1 and B-B1 (red lines) are derived from LIDAR topography. Stratigraphic sections are
derived from augering at locations labeled A2 and B1. Sediment texture: SiC = silty clay,
SiCL = silty clay loam, SCL = sandy clay loam, S = sand. Deposit type: BV = beaver-pond
deposit, PBV = probable beaver-pond deposit, G = gleyed gravel with no organic material.
Calibrated radiocarbon ages are shown as the weighted mean of the calibrated probability
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distribution (Telford et al., 2004) and are approximate; see Table 2 for 1 σ uncertainty
ranges. Photo C was taken from location C looking south at the relict beaver dam
downstream of A2.
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Figure 4. Examples of the surface expression of relict beaver dams and beaver-pond
sediments along Beaver Creek, Bailey Creek, and Granite Creek. Divisions on measuring
tape in the stratigraphic sections are 10 cm. Beaver-pond sediments are finer-grained and
more organic-rich relative to fine-grained overbank sediments on these streams.
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Figure 5. Organic content of beaver pond and overbank deposits in GTNP and 3 sites in northern YNP by percent of total
sediment mass. Beaver-pond sediments have a significantly greater mean organic content (2.2%) than overbank sediments (0.7%).
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Figure 6. Chronology of beaver-pond sedimentation in GTNP and YNP. Relative
probability curves are derived by summing calibrated probability distributions for individual
14

C ages, where each age distribution has unit probability, reducing calibration artifacts as

described in the text, and then smoothing the summation using a 70-yr running mean.
Histogram shows the number of ages in each data set contributing to probability curves,
placing the weighted mean of calibrated age distributions in 200-yr age classes. Northeastern
Yellowstone fire-related debris flows are alluvial-fan deposits inferred to indicate severe fires
from extreme droughts (Meyer et al., 1995); these debris-flow deposits are not along the
beaver study streams of Persico and Meyer (2009). The decline in frequency of 14C dates
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with increasing age in beaver-pond and debris-flow deposits is in large part due to the more
limited exposure and erosion of older sediments. (Figure 7).
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Figure 7. Chronology of beaver-pond deposits for the past 4000 years. The relative
probability summation is constructed as in Figure 6. Black horizontal lines show the 2 sigma
calibrated age ranges for coarse gravel deposits. Major peaks in fire-related debris flows ca.
850 and 2100 cal yr BP correspond to minima in beaver-pond sedimentation and the
deposition of coarse gravel in both GTNP and YNP. Palmer Drought Severity Index (PDSI)
reconstruction for grid point 110 W, 45 N from tree-ring records in the Western USA was
smoothed using a 70-yr running mean; negative values indicate drought. Sampling of willow
pollen in late Holocene Hedrick Pond sediments byJacobs and Whitlock (2008) is at greater
resolution (~100 years) than that of Whitlock and Bartlein (1993) shown in Figure 6.
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Figure 8. A. Histogram of 10-yr averages of reconstructed PDSI values from tree-ring
records in the Western USA for the past 2000 years, for grid point 110 W, 45 N (Cook et al.,
2004). During the 1920s when beaver were abundant, the mean PDSI value was 0.9 (blue
line, 86th percentile) indicating unusually wet conditions. The most severe 10-year drought
during the Medieval Climatic Anomaly (802-793 cal yr BP) has a mean PDSI of -2.8 (red
line, < 1st percentile). B. August mean PDSI values for 1895-2010 derived from Wyoming
climate divisions 1 and 2. High PDSI values from 1904-1918 illustrate the wet period
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contemporaneous with abundant beaver in the GYE. Low PDSI values during the 1930s and
1950s-early 1960s indicate severe drought associated with a decline in beaver activity in the
GYE. Note the most severe and prolonged drought of the record in the 2000s, when some
small GYE streams hosting beaver in the 1920s were observed to have ephemeral flow
(Figure 9).
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Figure 9. A. Digital shaded relief map showing beaver dams (red lines 1-3) mapped by
Warren (1926) during the 1920s along an unnamed tributary of Elk Creek (purple line) in
northern YNP near Crescent Hill. Warmer colors are higher elevations, which range from
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about 1950-2380 m. Black line shows the small 0.1 km2 drainage basin for the tributary.
Warren (1926) observed that by summer 1923, no live aspen remained near these ponds and
that beaver were eating Douglas-fir bark. Dotted white line shows the location of topographic
map B. B. location of active beaver dams 1-3 in 1921; 1 and 2 are shown in photos F and G
from Warren (1926). These were abandoned by 1953 (photos D and E from Jonas, 1955).
The location of photos C, D, E, F, and G are also shown. C. Photo showing dry, vegetated
stream channel below dam 1 in 2005. The stream is fed by springs emerging from a talus
slope west of pond 1, so changes in water storage in beaver ponds above this area cannot be a
factor in ephemeral flow observed during the summer months of 2004, 2005, and 2006,
concurrent with severe regional drought. No willow or aspen currently exist along the
channel.
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Tables
Table 1. Beaver Pond Sediment Characteristics
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Table 1 (continued)
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Table 2. Radiocarbon Samples, 14C and Calibrated Ages and Interpretation
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Table 2 (continued)
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Table 2 (continued)
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Table 3. Factors favorable and unfavorable to beaver on small streams within key periods in the late Holocene
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Chapter 2
Reconstructing Late Holocene Stream Discharge in the Greater
Yellowstone Ecosystem: Implications for Stream Restoration
Abstract
Consideration of the long-term variability of stream ecosystems and processes should
be an integral component of stream management. In the Greater Yellowstone Ecosystem
(GYE) small streams provide critical riparian habitat for fish, birds, and beaver. Beaver are
currently absent from many streams in the GYE and reintroduction has been proposed as
mechanism to restore ecosystem function. However, the current suitability of stream systems
for beaver must consider recent severe droughts and the potential for continuing drought due
to global climate change. Severe multidecadels droughts during the Medieval Climatic
Anomaly (1000-600 cal yr BP) provide an analogue for future drought. We use the PDSI,
reconstructed from tree rings, to estimate average August stream discharge at USGS stream
gauge locations. During severe droughts in the MCA average August flows were reduced 4060% relative to the extremely wet early 1900s. Average August discharge was estimated for
ungauged streams in the GYE by multiple regression analyses of reconstructed stream
discharge with basin area and mean basin elevation. Estimated discharge at sites with
documented beaver activity in the Holocene indicate that during severe MCA droughts 67%
of sites become ephemeral and thus are not suited for beaver habitation. These results
highlight the need to consider the natural range of variability of stream discharge and
associated ecosystem processes and the danger of using the early 20th century for stream
reference conditions.
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Introduction
Effective river management depends upon knowledge of the response of ecosystem
components to hydrologic variation. In the arid western United States, small fluvial systems
are particularly important because they comprise a large percentage of the fluvial network
that provides riparian zones in an otherwise dry landscape. Streams and their associated
riparian vegetation provide critical habitat for beaver, elk, fish, and birds (Cooke and Zack,
2008; Gresswell et al., 1994; Houston, 1982; Pollock et al., 2004; Sanders and Edge, 1998).
In the western United States, however, severe drought has the potential to dramatically
impact these smaller fluvial systems and thus alter ecosystem dynamics (e.g. Debinski et al.,
2010; Elias, 2003; Gray et al., 2007; Whitlock and Bartlein, 1993). For example in the
Greater Yellowstone Ecosystem (GYE, Figure 1), severe drought and associated increased
temperatures can decrease habitat for both beaver and fish such as the Yellowstone Cutthroat
Trout (Koel et al., 2007; Koel et al., 2006; Persico and Meyer, in review).
During the twentieth century, stream discharge in the GYE has been significantly
impacted by drought. For example, the dust-bowl drought of the 1930s reduced stream flows
on the Yellowstone River to their lowest levels in 300 years (Graumlich et al., 2003).
Droughts in Idaho during this time are associated with earlier-than-average snowmelt
(Kunkel and Pierce, 2010), which decreases summer stream flow, particularly in basins
where discharge is maintained by snowmelt during the summer. Such is the case for the
Yellowstone and other major rivers and their tributaries in the GYE. Model predictions
suggest that in the twenty-first century, persistent drought related to global climate change
will characterize much of the western United States including the GYE (Dai, 2011). This will
undoubtedly impact stream discharge; however, the magnitude of change and the potential
64

impact on ecosystems are not well known. To address this issue it is appropriate to assess
how stream discharge has responded to previous severe and prolonged droughts.
In the western United States, anticipated droughts in the twenty-first century are
projected to be the result of both elevated temperatures and increased aridity (IPCC, 2007).
Long-duration droughts during the Medieval Climatic Anomaly (MCA, 1000-600 cal yr BP)
are also associated with elevated temperatures. Only in recent decades (due to global
warming) have temperatures during drought been higher than during MCA droughts (Cook et
al., 2004a; Cook et al., 2004b). In the GYE, there were at least three periods of extended,
severe drought during the Medieval Climatic Anomaly. These droughts are associated with
decreased stream flow, decreased lake levels, vegetation change, increased forest fires, and
decreased beaver activity on small streams (Meyer et al., 1995; Persico and Meyer, 2009;
Shuman et al., 2009; Stine, 1998; Whitlock and Bartlein, 1993; Whitlock et al., 2008). The
recent trend towards prolonged warming and increased aridity suggests that the MCA may be
an appropriate analogue for future drought. Thus, more data are needed in the GYE to
quantify the long-term natural variability in stream flows such as during the MCA and to
determine how widespread the impacts of drought were on fluvial systems.
In this study we compare the Palmer Drought Severity Index (PDSI) to stream
discharge data from U.S. Geological Survey (USGS) stream gauges to estimate variability in
stream discharge in the 20th century and also during severe drought in the MCA. The PDSI is
an index derived from measurements of precipitation, air temperature, and local soil moisture
that effectively characterizes regions experiencing severe drought. Thus it is an ideal proxy
for stream flow in smaller, snow-fed streams that are susceptible to drought during the dry
summer months. Measured PDSI values are only available for the past century, however the
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index has been extended to the last 2000 years in the western United States using tree-ring
chronologies (Cook et al., 2004b). We use the measured PDSI to reconstruct summer
discharge in basins that are sensitive to fluctuations in the PDSI and thus drought. We extend
the reconstruction to ungauged stream reaches using multiple regression analyses of basin
characteristics that affect stream discharge. This allows reach-specific evaluation of trends in
summer stream discharge during the late Holocene, prediction of future changes in discharge,
and examination of the relationship between stream discharge, beaver activity, and other
ecosystem components.

Background
To assess PDSI-discharge relationships, we used first- to fifth-order streams and
rivers in the GYE. The GYE’s semiarid, sub-humid climate with snowmelt-dominated
hydrographs is representative of many watersheds in the western United States. To document
discharge variations in relation to riparian habitat two different study areas in the GYE were
used. The first study area is the relatively low-elevation Northern Range in northern
Yellowstone National Park (YNP). The second study area is in Grand Teton National Park
(GTNP) in the southern portion of the GYE. GTNP is generally higher in elevation and
experiences greater winter precipitation than the Northern Range. These locations were
selected because the late Holocene record of environmental change has been studied in some
detail in this area (Bilyeu et al., 2008; Graumlich et al., 2003; Gray et al., 2007; Hadly, 1995;
Jacobs and Whitlock, 2008; Meyer et al., 1995; Persico and Meyer, 2009; Persico and Meyer,
in review; Whitlock and Bartlein, 1993; Whitlock et al., 2008; Wolf et al., 2007).
The primary source of summer discharge in small streams in the GYE is snowmelt
from high-elevation regions in the watershed. Snowfall accumulation is affected by both the
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availability of moisture and elevation. Thus the streams in GTNP (with basins at high
elevations and large amounts of snowpack) generally have higher summer discharge per unit
basin area relative to northern YNP. Drought in the twentieth century, however, is associated
with earlier-than-average snowmelt, which contributes to low summer discharges; thus,
drought is a likely factor in stream flow in all study sites. Drought is also associated with
higher summer temperatures, which leads to an increase in evaporation and further decrease
discharge (Westerling et al., 2006). In the Northern Range, small streams which historically
have exhibited perennial flow have turned ephemeral during drought years in the 2000s
(Persico and Meyer, in review).
To determine stream flow that occurred before discharge records were kept, tree-ring
proxies are often used to develop reconstructions (e.g. Graumlich et al., 2003). The
reconstructions rely on ring widths that are influenced solely by the same climate variables
that impact stream flow. Where the records of tree ring widths overlap with measured stream
discharge, the two variables can be regressed and stream flows can be extended the entire
length of the tree-ring chronology. The regressions depend upon finding trees that are
sensitive to stream flow, and many tree-ring chronologies are needed to reconstruct stream
flow within a single basin. This makes it difficult to assess discharge-drought relationships
over many basins. Alternatively, we use the PDSI, which is measure of average regional
climate to regress with stream discharges throughout the GYE. This approach enables us to
estimate stream discharge on many different streams. Reconstruction of discharges
throughout the GYE is needed to assess how widespread the impacts of drought are on
streams and ecosystem function.
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The PDSI
Drought can be defined in many different ways. Meteorological drought generally is
defined on the basis of the degree of dryness in comparison to a long term average. The
Palmer Drought Severity Index attempts to capture weather anomalies that cause
meteorological drought in a manner that allows for the assessment of drought at various
temporal and spatial scales (Palmer, 1965). Fundamentally, the PDSI is based on the
calculation of a soil moisture balance using a supply and demand model. Soil moisture is a
function of antecedent weather conditions that records changes on the interval of months to
years. Soil moisture supply is relatively easy to calculate using measured precipitation;
however, demand is much more difficult to estimate as it includes evapotranspiration and soil
water recharge rates (Alley, 1984). The PDSI approximates these factors using readily
available data, precipitation and temperature. Thus the PDSI can and has been estimated
throughout the U.S. using historical weather data.
The National Climatic Data Center (NCDC) has estimated the PDSI for every state
climate division in the U.S. (n=344) for every month since 1895. Climate divisions represent
regions that are climatically homogeneous. The PDSI is estimated using temperature and
precipitation data collected at individual weather stations that is spatially weighted to provide
average conditions throughout the region. PDSI estimates prior to 1931 are based on
regression equations relating statewide monthly temperature and precipitation to divisional
values. Thus local details will be smoothed by this process, but large-scale patterns are
retained. Climate divisions that contain the majority of the GYE include Wyoming divisions
1 and 2, Montana divisions 2, and 5, and Idaho division 10.
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Yearly PDSI values have been extended back 2000 years using tree ring analyses
(Cook, 1999; Cook et al., 2004a). The reconstruction has a resolution of 2.5 degrees of
latitude by 2.5 degrees of longitude. The grid that includes the GYE (grid 100, Cook et al.,
2004a) includes 30 tree ring chronologies in the reconstruction. The reconstruction is made
using a Point-by-Point Regression that fits single-point principal component regression
models to a grid of climate variables (Cook, 1999). The verification R2 for grid point 100
varies from 0.453-0.238.The overall fidelity of the reconstructions is well verified compared
to PDSI data withheld from the record (Cook et al., 2004b).

Methods
The selection of streams that are sensitive to drought is critical to accurately
reconstruct summer stream flows. The USGS maintains the largest collection of stream
gauges in the United States. Stream-flow records vary in length and in time period covered.
All stream-gauge data selected for this study were obtained from the USGS National Water
Information System (NWIS; http://waterdata.usgs.gov/nwis). Only gauged rivers with basin
areas covering less than ~2000 km2 were selected because discharge is more likely to be
directly influenced by climate in these smaller basins, which have less groundwater storage
and fewer tributaries.

Estimating stream discharge using the PDSI
To assess how streams have responded to regional climatic fluctuations, stream
discharge at USGS stream-gauge sites was compared to the corresponding PDSI for each
climate division (i.e. Streams in GTNP were compared to the PDSI in Wyoming division 2
and streams in YNP were compared to the PDSI in Wyoming division 1). All PDSI data were
obtained from the National Oceanic and Atmospheric Administration’s National Climatic
69

Data Center (http://www.ncdc.noaa.gov/temp-and-precip/drought/historical-palmers.php).
Individual monthly PDSI values were compared to average monthly stream flow data for the
current year (t), the previous year (t-1), and the following year (t+1). Correlation values with
bootstrapped confidence intervals were calculated for averaged monthly discharge at each
stream-gauge station with a record longer than 15 years (Table 1). At all sites, the averaged
monthly discharge showed significant relationships with the PDSI over different parts of the
year; however, the strongest correlations occur in the late summer and early fall (Table 1).
The strongest correlation between average discharge and the PDSI occurs for the 3-month
PDSI average centered on August and the current year (t). Stream-gauge records with
bootstrapped correlation values greater than 0.65 were chosen for regression analyses (Table
1, Biondi and Waikul, 2005). These streams are Cache Creek, Tower Creek, Gallatin River,
Gardner River, Bull Lake Creek, Pacific Creek, (Figure 1). These correlation values are
similar to correlation values of tree-ring widths and climate division precipitation values
from YNP (Gray et al., 2007). As continuous stream-gauge records for small streams are
rare, East Fork Blacktail Deer Creek, Blacktail Deer Creek, Granite Creek, and Boundary
Creek (Figure 1) were also selected for multiple regression analyses despite not having
records long enough for bootstrapped correlation analysis. These records all have r2 values
greater than 0.65 (Table 1).

Reconstructing stream discharge in ungauged basins
To estimate stream flows for ungauged stream reaches, stepwise multiple regression
analyses were performed using the reconstructed measured stream flows and various
independent basin characteristics (Table 2). Regression analyses were performed for PDSI
values observed in the GYE during known climate anomalies in the 20th century, and the
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MCA. These include the most severe two year drought in the MCA (1150-1151 yr AD), the
two wettest years in the early 1900s pluvial (1908-1909), and the most severe two-year
drought period during the dust bowl drought (1934-1935 cal yr BP), and average conditions
as defined by 0 on the PDSI.
Both Omang et al. (1983) and Parrett and Omang (1981) used regression analyses to
estimate peak flood discharges for ungauged basins in the Yellowstone region and observed
that the basin area (A), the mean basin elevation (Emean), and the percentage of the basin
above 1900 m (E1900) were the dominant controls on the size of floods. As base-flow stream
conditions, especially during drought, are potentially affected by evaporation, we also
included solar insolation (I) in the regression analyses.
Basin characteristics for USGS stream-gauge sites and other stream reaches with
evidence of beaver-related aggradation were extracted using ArcGIS 9.2. The contributing
basin areas, the mean basin elevation, and the percentage of the basin above 1900 and 2400
m were calculated from USGS 10-m Digital Elevation Models (DEMs). Solar insolation was
calculated from USGS 30-m DEMs. Solar insolation for the summer solstice was calculated
for each 30x30 m pixel, summed for all pixels in the basin, and then normalized for basin
size by dividing by the total pixels in the basin.
We regressed the reconstructed Q�����
Aug (average monthly discharge) with the basin area,

the mean basin elevation, the percentage of the basin above 1900 m, the percentage of the
basin above 2400 m, and the insolation of each basin (I), which may also be a control on
average stream-flow conditions in the late summer. A linear relationship between the
variables was assumed, producing the general form of the mathematical model:
Q�����
Aug = C + aA +b Emean + cE1900 + dE2100 + eI
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where Q�����
Aug is the dependent variable; C is the regression constant; A, Emean, E1900, E2100, and
I are the independent drainage basin characteristics; and a, b, c, d, and e are the regression
coefficients. A stepwise regression was performed where α for each variable needed to be
less than 0.05 for the variable to be included in the final multiple regression equation.

Results
The strongest correlation between the PDSI and stream flow occurred during August
and September (Figure 2, Table 1). Reconstructed stream discharge along Tower Creek and
the Gardner River (the locations with the strongest correlation between discharge and the
PDSI) in northern Yellowstone indicate substantial variations in summer discharge in the 20th
century (Figure 3). During one of the wettest periods in the past 2000 years, the early 1900s
pluvial, Qaug averaged ~ 1.3 m3/s at Tower Creek and ~4.5 m3/s at the Gardner River (Figure
3). This contrasts greatly to stream flow during the most severe drought during the Dust
Bowl (1934) when Qaug averaged ~0.7 m3/s at Tower Creek and ~2.4 m3/s at the Gardner
River (Figure 3).
Stepwise multiple regression analyses indicate that basin area and mean basin
elevation are significant predictors of Qaug
����� .at α <0.05. There is, however, a significant
negative correlation with the percentage of the basin above 1900 m at α <0.10. As the

relationship is not significant at α <0.05, the percentage of the basin above 1900 m was not
used in the final regression equations, which were limited to only basin area and mean basin
elevation.
Regression equations for the selected periods are similar (Table 3). At USGS stream
th
gauge locations Qaug
����� varies significantly during the 20 century:
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•

16.3-0.3 m3/s from 43-34 cal yr BP (the highest two-year average during the early
1900s pluvial, 1908-1909)

•

14.0-0.0 m3/s from 15-11 cal yr BP (most severe dust-bowl drought, 1934).

Based on PDSI reconstructions for the late Holocene (Cook et al., 2004), discharge during
severe drought in the MCA was reduced 25%-30% at USGS stream-gauge sites compared to
the relatively wet early 1920s (Figure 4), a period suggested as the ideal reference period for
streams in Yellowstone (Chadde and Kay, 1991; Wagner et al., 1995; Wolf et al., 2007).

Discussion
Bootstrapped correlation values indicate that the PDSI, which is an effective measure
of regional dryness, provides a mechanism to assess the range of variability in stream
discharge in the 20th century. USGS stream-gauge sites that show significant correlation with
the PDSI are found throughout the GYE (Figure 1); however, there are many sites that are
not sensitive to the PDSI, likely due to significant losses and gains to streams by
groundwater, local climate that is not represented by the regional PDSI and water removal
from streams for irrigation. At USGS stream-gauge sites that do show significant correlation
with the PDSI, stream discharges during the summer and fall months are most sensitive to the
PDSI. This relationship is likely due to base flow that is fed by snowmelt at high elevations.
During drought years, basins in the GYE receive significantly less snow and thus earlier
melting of the snowpack occurs. Less snow and early melting result in diminished base flow
compounded by increased evapotranspiration during sumer months with drought in the GYE.
Average discharge during the month of August showed the highest correlation with
the PDSI for all streams. Only Tower Creek had a higher correlation, which occurred during
the month of September (0.90); however, the correlation in August was also high (0.82).
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Therefore, all stream discharge was reconstructed for average August stream flow (Qaug
����� ) at

each stream-gauge site that showed significant correlation. The records of reconstructed Qaug
�����
for the past century do not all have the same shape because The PDSI has varied between

Wyoming climate divisions 1 and 2 assuming a linear relationsh. Finally, while statistical
analyses indicate the relative strength of the reconstruction, regressions for each stream still
fail to explain 40%-45% of the interannual variability in Qaug
����� . This unexplained variance and
assumptions that the relationship between predictors and predictand are constant through
time indicate that stream discharge estimates must be used with caution.
The record of Qaug
����� was extended to ungauged streams in the GYE using multiple

regression analyses of estimated stream flow at USGS stream-gauge sites. Qaug
����� at each

stream-gauge site was regressed with A, Emean, E24 and E2100, and I. Only A and Emean were
significant predictors of Qaug
����� . There is a negative correlation between Qaug
����� and E2400 (α
<0.10). Basins with a higher E2400 may receive greater snowpack (hence the positive

correlation between Emean and Qaug
����� ); however, the high-elevation areas in the GYE are often

steep with minimal soil cover, thus the negative correlation may reflect the limited water-

holding capacity of these areas. Because the correlation was not significant at α <0.05, it was
not included in the final multiple regression analyses.
The multiple regression analyses performed at for PDSI values of -6, -5, -3.5, 0, and 5
explain ~50-60% of the variance of Qaug
����� at USGS stream-gauge sites (Table 3). The

regression shows significant variation in discharge throughout stream networks in the GYE.
On stream reaches in GTNP and YNP where Persico and Meyer (2009, in review) identified
beaver-pond sediment aggradation, the stream reaches have drainage basin areas that are at
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the smaller end of the multiple regression analyses. Therefore, caution should be used when
applying multiple regression analyses to these smaller streams. During the most severe twoyr drought during the MCA (1150-1151 yr AD), 62% of locations with evidence of beaver3
related aggradation have values of Qaug
����� less than 0.01 m /s and are likely ephemeral or very

close to ephemeral for significant portions of the summer. (Figures 5). This observation is
supported by observations in northern YNP where Persico and Meyer (2009) observed
ephemeral flow during the summer months on streams where beaver had been identified
previously. Model forecasts of the PDSI for the Yellowstone region suggest persistent
drought by 2030-2039 with values ranging from -3 to -6 (Dai, 2011). Drought of this
magnitude is similar to the drought years that occurred during the MCA, however these

conditions are predicted to be more consistent and it is likely that many formerly perennial
streams will become ephemeral by mid-century.

Conclusions
In the GYE, the PDSI is a significant predictor of average monthly stream discharge,
particularly in the late summer and early fall. The record of stream discharge at USGS
stream-gauge locations was extended back 2000 years using a reconstructed PDSI. Severe
drought during the MCA reduced average August stream discharge. At USGS stream-gauge
locations, discharge on streams with basin areas greater than ~30 km2 was reduced 25%-40%
during severe drought in the MCA relative to the 1920s (a period suggested as the ideal
reference period for streams in Yellowstone). Discharge at East Fork Blacktail and Lupine
Creek (the smallest stream in the reconstruction) was reduced 40%. This suggests that small
streams are especially sensitive to drought conditions.
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Average August discharge estimates were extended to ungauged stream reaches using
multiple regression analyses of the reconstructed stream flow at USGS stream-gauge sites
with basin characteristics where basin area and mean basin elevation are significant
predictors of discharge. Discharge reconstructions were performed for stream reaches in the
GYE that exhibited evidence of beaver-related aggradation in the Holocene. During severe
drought in the MCA (805-796), 62% of these locations likely had zero discharge and thus
became ephemeral during the late summer and/or early fall. Thus, severe and prolonged
drought and the associated reductions in stream discharge throughout a stream network will
alter a stream’s ecosystem. For example, during drought periods, reduced discharge and
ephemeral flows on many small streams will likely prevent beaver from maintaining ponds,
which will further decrease riparian habitat. The decrease in riparian habitat and conversion
of once-perennial small streams to ephemeral flows during the summer will decrease fish
spawning, bird nesting, and beaver dam building habitat. The impact of prolonged drought on
stream systems in the MCA provides a useful analogue for potential ecosystem changes
caused by continuing global climate change. Therefore, river management and stream
restoration in the coming century must consider how stream ecosystems will function under
long-term drought conditions. Reasonable restoration goals must acknowledge that given the
inevitability of increasing aridity in the western United States, many small stream systems
will not sustain large beaver populations and thriving riparian zones as they did in the 1920s.
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Figures

Figure 1. a Location of the study basins in the Greater Yellowstone Ecosystem (red line,
GYE) in Wyoming, Montana, and Idaho, USA. Black dotted lines indicate area of map b.
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b Map showing streams used in regression analysis in the GYE. Heavy black lines are US
state outlines. Black circles are locations of USGS stream-gauge stations and thin black
outlines the associated contributing basin area. Blue box shows location of beaver study
streams in Yellowstone National Park (northern white outline, Persico and Meyer, 2009) and
the red boxes show the location of beaver study streams in Grand Teton National Park
(southern white outline, Persico and Meyer, in review).
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Figure 2. a Representative correlations between averaged monthly discharge for Tower
Creek and the Gardner River and the reconstructed PDSI for Wyoming (Cook et al., 2004b).
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Zero values indicate no significant correlation. All other correlations shown are significant at
p<0.05 or better as determined from bootstrapped confidence intervals (Biondi and Waikul,
2005). The strongest correlations for all stream gauges were observed during August.
b Observed averaged August discharge on Tower Creek and the Gardner River vs.
reconstructed PDSI estimates for Wyoming. Linear regression of Qaug and the PDSI indicate
that the PDSI is a reliable predictor of discharge (P< 0.005).
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Figure 3. Discharge reconstructions for Tower Creek and the Gardner River for select time
intervals in the late Holocene. Black circles are reconstructed Qaug
����� for each year. Black lines
indicate the 20-year running average of Qaug
����� and the dotted lines are +/- 2 sigma of the
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running average. Discharge was significantly reduced during the most severe ten-year
drought interval in the MCA (805-796 cal yr BP). Discharge was similarly depressed during
the Dust-Bowl droughts of the 1930s. Discharge was greater during the early twentieth
century pluvial (~40-30 cal yr BP) and during rapid expansion in beaver in greater
Yellowstone (30-20 cal year BP).
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Figure 4. Discharge reconstructions of PDSI values observed during severe drought in the
MCA (805-796 cal yr BP) and the period of beaver abundance in greater Yellowstone (30-21
cal yr BP) at each of the USGS stream-gauge locations. There is significant reduction of
stream flows from 25%-30% during drought relative to the reference period of the 1920s.
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Figure 5. Reconstructed stream flow in Yellowstone National Park during extreme drought
in the MCA (1150-1151 yr AD). Red dots are locations of stream reaches with documented
beaver activity during the Holocene that likely have ephemeral flow during this period. Blue
dots are stream reaches with documented beaver activity during the Holocene where flow
was likely perennial during drought.
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Figure 6. Reconstructed stream flow in Grand Teton National Park during extreme drought
in the MCA (1150-1151 yr AD). Red dots are locations of stream reaches with documented
beaver activity during the Holocene that likely have ephemeral flow during this period. Blue
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dots are stream reaches with documented beaver activity during the Holocene where flow
was likely perennial during drought.
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Tables
Table 1. Correlations between average monthly Q at gauge locations and 3-month summer
average of the PDSI centered on July
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Table 2. Basin Characteristics at Stream Gauge Locations
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Table 3. Multiple Regression Analyses for selected PDSI values
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Table 4. Basin variables and estimated Qaug at locations with evidence for beaver-related
sedimenation in the Holocene
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Table 4 (continued)
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Table 4 (continued)
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Chapter 3
Rock type and dust influx control accretionary soil development on
hillslopes in the Sandia Mountains, New Mexico
Abstract
Lower slopes of the Sandia Mountains are characterized by granitic corestone
topography and weathering-limited slopes with thin grusy colluvium and weakly developed
soils. In contrast, thick soils with illuvial clay and pedogenic carbonate have developed
below aplite outcrops. Aplite is resistant to chemical decomposition, but physically weathers
to blocky clasts that enhance surface roughness and erosional resistance of colluvium,
promoting accumulation of eolian fines. Thick B horizons on aplite slopes indicate limited
erosion and prolonged periods of stability and soil development. Accretion of eolian material
limits runoff and prevents attainment of a steady-state balance between soil production and
downslope transport.

Introduction
In recent years, soil production models have become integral to studies of hillslope
processes and landscape evolution (Humphreys and Wilkinson, 2007). In most soil
production functions, it is assumed that (1) soil is produced solely through weathering of
underlying bedrock, and (2) the rate of soil formation is a function of soil depth, where
weathering slows as soil thickness increases (Gilbert, 1880; Heimsath et al., 1997). Some
models also postulate attainment of steady-state soil thickness that stems from a balance
between rates of soil production and downslope transport, where weakly developed soil
profiles are typically observed (Heimsath et al., 2000; Roering, 2008). Well-developed
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horizonation observed in other hillslope soils (Eppes et al., 2002; Phillips et al., 2005; Wells
et al., 1990), however, only forms on relatively stable slopes with limited downslope
transport (Birkeland, 1999).
If in addition to soil production via bedrock weathering, hillslope soils accumulate
significant dust, as is ubiquitous in dryland soils on stable surfaces such as terraces, inactive
alluvial fans, and basalt flows (e.g. McFadden et al., 1987; Reheis et al., 2009), they may
actually gain mass over time, rather than achieving steady state. We investigate the
hypothesis that dust is a major component of soils on dryland slopes in the Sandia Mountains
near Albuquerque, New Mexico. We also investigate whether rock type is a significant
control over dust accumulation in hillslope soils, where coarse, blocky colluvium may be
more effective than grusy materials in dust trapping, ultimately enabling development of
accretionary soil mantles and smooth, curvilinear slope profiles.

Study Area and Approach
The Sandia Mountains flank the east side of the Rio Grande Rift in central New
Mexico. Foothill slopes are dominated by Proterozoic Sandia Granite and lie between
~2000-2150 m ASL, where MAP is ~ 400 mm and MAT is ~ 12.5°C. The porphyritic
granite contains ~10% biotite (e.g. Kelley and Northrop, 1975), imparting a high
susceptibility to grusification. Aplite dikes (0.1-15 m thick) in the granite are composed of
very fine-grained quartz, K-feldspar, and plagioclase, with little mica.
Most Sandia foothills slopes are mantled by granitic corestones (herein termed
“corestone slopes”), with weakly pedogenically modified, thin grusy colluvium. These
detachment-limited slopes generate rapid surface runoff, and erosion limits soil development.
In contrast, slopes with aplite dike outcrops at their shoulder and summit ("aplite slopes")
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feature a thick mantle of colluvium over weathered granite, in which soil Bt horizons with
abundant illuvial clay have developed. Adjacent aplite and corestone slopes have the same
aspect and similar overall slopes and local relief (Fig. 1).
We focused on a prominent aplite slope that is isolated from the main corestone
footslopes (Fig. 1). From ~ 20 m below the summit to its toe, the slope has a continuous
mantle of soil and colluvium up to 2 m thick and supports a piñon-juniper woodland. The
backslope is smooth with a consistent gradient of about 0.6; in contrast, a nearby corestone
backslope has a similar mean gradient but is markedly rougher at the meter scale (Fig. 2).
Local relief of both slopes is about 50 m (Fig. 2). Soil-geomorphic properties (Birkeland,
1999) were described for toposequences on the aplite slope (A1 to A4) and the granite slope
(G1 to G4; Fig. 2). Thin sections of a granite clast, an aplite clast, and soil horizons on the
aplite slope were used to document weathering and soil morphology. Major and selected
minor elemental compositions were determined by XRF on unweathered aplite and granite
clasts and soil (< 2mm size fraction) from the most well-developed soil profile (A3, Table 1).
Optically stimulated luminescence properties (OSL) were determined at A3 for (1) a
weathered granitic clast from the base of the soil and (2) sand from the overlying clayenriched Bt horizon (Fig 3).

Colluvium and Soil Data
On the corestone slope, weakly developed soils of variable thickness (6-50 cm) have
formed in isolated pockets of colluvium. These soils exhibit A/C profiles with no illuvial clay
or pedogenic carbonate accumulation. Surface clasts range from 0.1 - 4 cm in b-axis diameter
(Fig. 2; median = 0.4 cm, d84 = 0.9 cm).
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On the upper aplite slope, aplite bedrock exhibits joint spacing of 0.2-17.3 cm
(median = 2.8 cm). The slope is mantled by angular aplite clasts (50-75% surface cover)
from 1-20 cm in b-axis diameter (median = 1.6 cm, d84 = 3.7 cm) with no trend in clast size
down slope (Fig 2). Grusified granite bedrock underlies the colluvial mantle (profiles A2
and A3, see Fig. 2), but aplite clasts dominate the coarse particles in the colluvium and soil,
even where the underlying bedrock is granite. These clasts are largely unweathered, with
minor alteration of fracture margins (Fig. 3).
The C horizons of the aplite-slope soil profiles are composed mostly of weathered
granite, but contain carbonate and illuvial clay at A3 and A2, respectively. Granite beneath
the aplite slope is grusified but not deeply weathered, with little alteration of feldspars to clay
and little rubification. Locally on corestone slopes, highly altered biotite and plagioclase in
pockets of granitic colluvium indicate chemical weathering beyond simple grusification
(Nettleton et al., 1970). We infer that these are relict weathering products that formed under
a thick soil mantle in a more humid climate. Like those in the Mojave Desert and Sierra
Nevada (Oberlander, 1972; Wahrhaftig, 1965), these corestone slopes in the Sandias likely
evolved by deep subsurface weathering in pre-Quaternary time, followed by stripping of the
mantle and corestone emergence.
Soils on the aplite slope are thin at the shoulder (A1), but become successively much
thicker at lower slope positions (Fig. 2); matrix texture ranges from loamy sand to clay loam.
Maximum soil development with both illuvial clay and pedogenic carbonate accumulation
occurs on the lower back slope (A3) (Fig 3). Framework grains are often unsupported with a
close porphyric c/f distribution (coarse grains unsupported in fine material, Bullock et al.,
1985). Illuvial clay exists as both unoriented interstitial plasma and oriented argillans on
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grain and ped surfaces. Planar voids and tubular root pores are also clay-coated (Fig 3).
Fe2O3, TiO2, and MgO are substantially enriched within the Bt horizon relative to
compositionally similar granite and aplite (Table 1). Quartz sand grains (75-150 µm) from
the Bt horizon matrix are highly luminescent compared to sand-sized quartz (75-250 µm)
from a weathered granite clast in the Bt horizon (Fig 3). XRD analysis of the aplite soil
matrix indicates a mixed-layer clay, e.g. disordered illite or smectite, that is not observed in
aplite and granite clasts (Frechette et al., 2006). The Bw horizon contains a high volume of
irregular voids, and the c/f distribution grades from monic to gefuric (coarse grains without
interstitial fine material, to fine material forming bridges between coarse grains). Minor,
poorly developed clay coatings exist on aplite and granite fragments. Pedogenic calcium
carbonate in the 3Bk horizon exists mainly as thin, segregated clast coatings and is associated
with substantial CaO enrichment (Table 1).

Processes on Soil-mantled Aplite Slopes
The strongly developed soils in the aplite slope colluvium imply relative slope
stability and long-term sediment storage, as clay-rich, reddened Bt horizons cannot form with
bioturbation and downslope transport (Gile et al., 1981). Clay films preserved in delicate
root tubes show that B horizons have remained largely stable and that colluvial transport has
been limited mainly to the uppermost several centimeters. The fine-grained interlocking
crystal structure and mineral composition of aplite reduces its susceptibility to chemical
weathering, but physical weathering at aplite outcrops produces angular, blocky aplite
colluvium, as supported by the similarity between outcrop joint spacing and aplite clast size.
The lack of change in aplite clast size down slope also suggests that they resist further
chemical and mechanical weathering. in transport. The surface and sub-surface frequency of
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aplite clasts indicate that the colluvium production rate is high enough, at least episodically,
to bury the lower 70% of the slope.
Five lines of evidence show that chemical weathering of aplite and the underlying
granitic bedrock is limited and is not responsible for most of the soil matrix. (1) Aplite clasts
exhibit no appreciable chemical weathering in outcrop, along the slope, or even in the welldeveloped Bt horizons (Fig. 3), with no clear weathering rinds (c.f. Colman and Pierce,
1986). (2) Grusified granite under the aplite slope colluvium shows neither alteration of
feldspars to clay or B horizon development. (3) Major increases in conservative elements
(i.e., Fe2O3, MnO and TiO2 oxide %) are observed in the soil profile relative to the granite and
aplite parent material. Determination of absolute gains and losses through the use of
conservative element concentrations in constitutive mass-balance calculations (e.g. Brimhall
and Dietrich, 1987) is not possible because of unquantifiable dust inputs of these elements
(Eberly et al., 1996). However, if the observed increases in conservative elements are caused
by strong chemical weathering and leaching, major losses of the highly mobile cations CaO
and MgO should be apparent, instead of the observed large gains (Table 1). (4) Fine quartz
sand in the Bt horizons yielded strong response OSL shine-down curves, characteristic of
eolian grains that have undergone multiple bleaching episodes, whereas quartz sand from a
weathered granitic clast gave a very weak response as the grains have not been repeatedly
bleached (Preusser et al., 2006) (Fig. 3). The strong response shine-down curves cannot be
explained by in situ bedrock weathering and repeated exposure to sunlight via bioturbation
(Wilkinson and Humphreys, 2005), because well-developed soil horizonation and preserved
root casts indicate minimal bioturbation. (5) Significant pedogenic calcium carbonate exists
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in the Bk horizon despite limited chemical weathering of granite and aplite bedrock, showing
that the calcium is derived largely from atmospheric sources (Gile et al., 1981).
We attribute the soils on aplite slopes to accumulation of windblown fine sand and
smaller grain sizes containing abundant CaCO3, Fe2O3, and silicate clays (Eberly et al.,
1996). The coarse aplite clast mantle increases surface roughness, which reduces air velocity
and lift forces, causing eolian deposition (Goossens, 1995). Once eolian fines are emplaced,
the coarse surface mantle also limits their erosion, analogous to inflationary soil development
under desert pavements on gravelly alluvial fans and terraces (Gerson and Amit, 1987;
McFadden et al., 1987). Sources for abundant dust include local Sandia Mountains piedmont
alluvium (Connell and Wells, 1999) and regionally extensive fine-grained Neogene
sediments and surficial deposits. Aplite is likely not the only rock type that promotes this
mode of slope evolution in the Sandia Mountains; we have observed similar thick, welldeveloped soils on granitic slopes below quartzite outcrops, which produce similar blocky
colluvium.
Progressive soil development can change slope hydrology and erosion potential.
Incorporation of eolian material and associated soil structure, e.g. vertical fractures, reduce
runoff compared to bedrock with a thin grus mantle, as surface horizons retain a loamy sand
texture that allows rapid infiltration. The subsurface Bt horizon is clear evidence for
infiltration and translocation of fine particles, which increases soil water-holding capacity
and promotes a stabilizing plant cover (cf. Yair and Bryan, 2000). Thus, positive feedback
promoted by accumulation of eolian materials that reduce soil erosion potential is important
to the evolution of these soil-mantled slopes.
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Geologic History of Soil-mantled Slopes
Well-developed soils on the aplite slopes indicate prolonged slope stability. The time
over which relative stability has been maintained is difficult to estimate, but can be
approximated via comparison of soil morphology with sites in the western USA where
numerical age data exist for deposits in which soils have formed (e.g. Colman and Pierce,
1986). Soils on semiarid gravelly fan and terrace surfaces with similar soil development to
the aplite slope range from 15-150 ka (Birkeland, 1999), but are formed on gentle slopes.
Glacial moraines in Colorado Front Range valleys (~2450 m ASL) have similar slope angles
to the aplite slope, albeit in a colder, moister environment. Aplite slope soils more closely
resemble those on Bull Lake moraines (120-160 ka) than more weakly developed Pinedale
moraine soils (14-47 ka) (Birkeland et al., 2003).
On the upper study area slopes, iron oxyhydroxide films coat aplite clasts and
exposed bedrock. Such films form only in the subsurface in a clay-enriched B horizon or in
underlying bedrock, and thus imply a prior soil cover. Alternations between soil
development and erosion can be effected by Quaternary climate-induced changes in
vegetation, pedogenic processes, and slope hydrology (Bull, 1991; Whitney and Harrington,
1993). Regardless of the cause, the coatings show that soil development and erosion rates
have not been uniform over time.

Conclusions
Small exposures of resistant aplite can profoundly influence slope evolution in the
granite-dominated Sandia Mountains, ultimately producing soil-mantled slopes in a terrain
otherwise characterized by thin, discontinuous soils and corestones. Soil formation is not
simply a function of chemical weathering of the underlying bedrock, as accumulated dust is a
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major part of the soil mineral matter. Thus the soil production rate is not a function of soil
thickness via its control on bedrock weathering, as assumed in many soil-production
functions. Dust accumulation is strongly influenced by coarse colluvium from a resistant
rock type that favors entrapment of eolian material and production of inflationary soils. Soil
formation and hillslope processes on both corestone and aplite slopes are also contingent
upon pre-existing slope forms and materials that were strongly influenced by Quaternary
climate change, as evidenced by the relict weathering profiles and exhumed granitic
corestones of the Sandia Mountains.
In landscapes where the soil production rate is presumed to be a function of slope
form and steady state conditions are assumed in the slope system, soil thickness at a given
slope position remains constant, and soils will be thinnest where hillslope curvature is lowest
(Heimsath et al., 2000; Roering, 2008). In sharp contrast, soils on aplite slopes in the Sandias
are thinnest at the shoulder and summit where curvature is greatest, and thicken down the
back slope where curvature is lowest. The steady-state soil production model (Heimsath et
al., 1997) is generally considered applicable to all vegetated, soil-mantled slopes, and has
recently been applied to semi-arid Southwestern hillslopes (Pelletier and Rasmussen, 2009).
Soil-mantled slopes in the Sandias, however, have developed under accretion of eolian fines
in colluvium, so attainment of long-term steady-state conditions is highly unlikely, either
there or on many similar dryland slopes.
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Figures

Figure 1. A. Toposequences for corestone and aplite slopes in the Sandia foothills. Yellow
dots show soil pit locations (Aplite slope: A 1-4; Granite slope: G 1-4); red lines delineate
aplite exposures. B. Photograph of aplite and corestone slopes.
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Figure 2. Profiles of the aplite and corestone slopes (surveyed at ~1 m intervals) showing
soil pit locations. Total soil thickness at pits shown in parentheses. On quartile plots of
surface clast b-axis diameters, endpoints of the thick vertical lines are 25th and 75th
percentiles, thin vertical lines are 10th and 90th percentiles, the dash is the median, and solid
dots show outliers. A3 (aplite slope) and G3 (granite slope) have the most well developed
soils.
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Figure 3. A. Schematic of the thickest soil profile on the aplite slope (A3), which shows
notable rubification and increased clay content in Bt horizons. Roman numerals indicate
location of OSL and thin section samples (B & C). B. Shine-down curves for quartz grains
and a weathered granite clast in the Bt horizon. C. Thin sections of clasts and soils at A3. III:
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Clay coatings on grain and ped surfaces in the Bt horizon. IV: Root casts preserved by clay
coatings, indicating minimal soil mixing. V: Little-weathered equigranular aplite. VI: Granite
clast from Crt at A2, with altered feldspar grains and clay coatings on grain and clast
surfaces.

109

Tables
Table 1. Soil profiles on the aplite and granite slopes

110

Table 2. Soil elemental compositions determined by XRF
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